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The commercial breakthrough of ZnO-based devices is hampered mainly by
the unipolar n-type conductivity of this material. Hydrogen, which is known
to form both electrically active and inactive complexes in ZnO, is considered as
a main cause of this behavior. However, the existing literature is incomplete
and partly contradictory. The object of the present thesis is a comprehen-
sive investigation of the properties of two hydrogen-induced shallow donors
HBC and HO, the hydrogen molecule H2, and a hydrogen-related defect, which
gives rise to local vibrational modes (LVMs) at 3303 and 3320 cm−1 in ZnO
and their interaction. The defects are characterized by Raman spectroscopy,
infrared absorption spectroscopy, photoconductivtity (PC) and photolumines-
cence measurements.
Based on the PC technique, a novel and highly sensitive spectroscopic approach
is established, which is applicable for probing LVMs in strongly absorbing spec-
tral regions. This technique enables the detection of the local modes of HO at
742 and 792 cm−1 in the neutral charge state. In consequence, earlier theoret-
ical predictions regarding the microscopic structure of this shallow donor can
be veriﬁed. In Raman measurements the electronic 1s→ 2s transition of HO is
identiﬁed at 273 cm−1. This quantity is found to blueshift with the HO defect
concentration. A similar blueshift of the 1s→ 2s(2p) donor transition of HBC
is assigned to local lattice strain which was generated during high temperature
processes.
A Raman study of the H2 molecule covers its formation, stability, lattice po-
sition and interplay with the ZnO host. In particular, the role of H2 for the
continuous generation of HO and HBC, and the related n-type behavior is
elaborated. The analysis unambiguously conﬁrms that the so-called “hidden
hydrogen” species is indeed H2. Moreover, the observation of the ortho-para-
conversion process and the coupling to the host phonons contribute to a general
understanding of H2 in semiconductors.
Experimental results of the LVMs of 3303 and 3320 cm−1 in conjunction with
model calculations yield an underlying defect containing three hydrogen atoms.
This complex Y–H3 exhibits two conﬁgurations, which diﬀer only in the ori-
entation of one chemical bond. The ﬁndings are consistent equally with a
zinc vacancy decorated with three hydrogen atoms and an ammonia molecule,
respectively. Earlier models proposed in the literature are discarded.
v
vi Abstract
Measurements of concentration proﬁles by using Raman spectroscopy reveal
the local distribution of the hydrogen-related defects as well as lattice imper-
fections. At the surface, where oxygen vacancies are present, HO is identiﬁed
as the dominant shallow donor. Below, in parts of the crystal with low damage,
HBC is the prevalent defect. In the sample center, characterized by a signiﬁ-
cant amount of zinc vacancies, the concentrations of H2 and Y–H3 show their
maxima. By recording concentration proﬁles after thermal treatments a spa-
tially resolved investigation of the interplay of these hydrogen-related defects
is possible.
Kurzfassung
Der kommerzielle Durchbruch von ZnO-basierten Bauelementen ist hauptsäch-
lich durch die beständige n-Typ Leitung des Materials eingeschränkt. Wasser-
stoﬀ, der sowohl elektrisch aktive als auch inaktive Komplexe in ZnO formt, gilt
als ein Hauptverursacher dieses Verhaltens. Jedoch ist die bestehende Literatur
zu derartigen Defekten unvollständig, teils auch widersprüchlich. Gegenstand
der vorliegenden Arbeit sind umfassende Untersuchungen der beiden wasser-
stoﬃnduzierten Donatoren HBC und HO, des Wasserstoﬀmoleküls H2 und
eines Wasserstoﬀdefekts mit lokalen Schwingungsmoden (LSMn) bei 3303 und
3320 cm−1 in ZnO hinsichtlich ihrer Eigenschaften und gegenseitigen Wechsel-
wirkung. Die Charakterisierung der Komplexe erfolgt mit Hilfe von Raman-
Spektroskopie, Infrarot-Absorptionsspektroskopie, Photoleitfähigkeitsmessun-
gen (PC) und Photolumineszenzmessungen.
Basierend auf der PC Technik wird eine neuartige, hochsensitive Spek-
troskopiemethode etabliert, welche auch in stark absorbierenden Spektralbere-
ichen anwendbar ist. Diese Technik ermöglicht erstmals die Detektion der
LSMn von HO bei 742 und 792 cm−1 im neutralen Ladungszustand. Das
experimentelle Ergebnis veriﬁziert theoretische Vorhersagen zur mikroskopis-
chen Struktur dieses ﬂachen Donators. In Raman-Messungen wird der elek-
trische 1s → 2s Übergang von HO bei 273 cm−1 identiﬁziert und eine Blau-
verschiebung dieser Größe mit zunehmender HO-Konzentration beobachtet.
Der Donator HBC zeigt ebenfalls eine Blauverschiebung des elektrischen 1s→
2s(2p) Übergangs, welche durch lokale Gitterverzerrungen nach Hochtemper-
aturbehandlungen bedingt ist.
Eine Raman-Studie charakterisiert das H2-Molekül in Bezug auf seine Bildung,
Stabilität, Gitterposition und die Wechselwirkung mit dem ZnO-Kristall. Ins-
besondere wird seine Rolle für die fortwährende Bildung der Donatoren HO
und HBC und des damit verbundenen n-Typ Verhaltens herausgearbeitet.
Die Analyse ergibt die eindeutige Identiﬁzierung der in der Literatur mit
„hidden hydrogen“ bezeichneten Spezies als H2. Darüber hinaus tragen die
beobachteten Umwandlungsprozesse zwischen ortho-H2 und para-H2 sowie die
Kopplung an das Phononenspektrum zu einem generellen Verständnis von
Wasserstoﬀmolekülen in Halbleitern bei.
Die experimentellen Ergebnisse der LSMn bei 3303 und 3320 cm−1 in Kom-
bination mit Modellrechnungen ergeben einen zugrundeliegenden Defekt mit
vii
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drei Wasserstoﬀatomen. Dieser Komplex Y–H3 weist zwei Konﬁgurationen
auf, welche sich durch die Orientierung von nur einer chemischen Bindung un-
terscheiden. Die Beobachtungen sind mit einer Zinkvakanz besetzt mit drei
Wasserstoﬀatomen bzw. einem Ammoniakmolekül als mikroskopische Struk-
tur gleichermaßen erklärbar. Bisherige Modelle aus der Literatur können damit
widerlegt werden.
Messungen von Konzentrationsproﬁlen mit Raman-Spektroskopie oﬀenbaren
die lokale Verteilung der Wasserstoﬀdefekte sowie von Gitterstörungen. An
der Oberﬂäche, im Beisein von Sauerstoﬀvakanzen, ist HO der dominante
ﬂache Donator. In dem sich anschließenden ungestörten Kristallverbund
ist hingegen der Donator HBC vorherrschend. In Zentrum, welches von
Zinkvakanzen geprägt ist, sind die Konzentrationen von H2 und Y–H3 maxi-
mal. In Verbindung mit Temperaturbehandlungen ist eine räumlich aufgelöste
Untersuchung der Wechselwirkung möglich.
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Chapter 1
Introduction
Zinc oxide is a versatile material and an integral component in countless areas
of daily life. For instance, it is a constituent in pharmaceutical products,
cosmetics, paint, animal feed, and the textile industry.
From the technological point of view, however, a promising application sector
is the semiconductor electronics. This fact is attributed to the physical prop-
erties of this material. The II-VI compound semiconductor reveals a direct
band gap of Eg = 3.44 eV (T = 2 K) [1] and is thus transparent for visi-
ble light, but acts as a strong absorber in the UV range. Nowadays fast and
cost-eﬀective production of ZnO is established for bulk single crystals (needles
with a typical diameter of 50–75mm [2–4]) as well as for crystalline thin ﬁlms
and nanostructures [5]. These properties make ZnO suitable for applications
as light emitting diode (LED), laser diode and transparent conductive oxide
(TCO). The exciton binding energy of 60 meV [6] is rather high when com-
pared to other wide band gap semiconductors, e.g. GaN [7, 8] and SnO2 [9].
As a consequence, lasers in the visible spectral range based on stimulated light
emission from bound exciton states in ZnO can, in principle, be operated above
room temperature. The same crystal structure and only small deviations of
the lattice constants from GaN [10] - a well established material in electronics
- provide suitable conditions for the fabrication of ZnO/GaN-heterojunctions.
Furthermore, the lattice parameters and in conjunction therewith the band gap
of ZnO can be tuned over a wide range via alloying [5]. This property allows
the reduction of the lattice mismatch at the interface to other compounds,
and secondly a local adjustment of the electronic band structure. A radiation
resistance higher than that of conventional semiconductors (e.g. Si, Ge, GaAs)
opens up potential applications of ZnO-based devices in space and in ultrafast
nuclear particle detectors [11, 12].
However, for a breakthrough of ZnO in the commercial fabrication of devices
a stable doping both as n-type and p-type material is essential. At the present
state ZnO samples reveal solely n-type conductivity, even if in particular cases
p-type behavior was reported directly after individual processings [13–17]. The
origin of this characteristic is related in the literature to intrinsic and/or ex-
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trinsic defects.
Hydrogen is often present during the crystal growth process and it shows high
diﬀusivity. Therefore, an unintentional contamination of ZnO can hardly be
prevented. Impurity atoms are known to generally inﬂuence the electrical and
optical properties of the host material, inter alia, via the formation of electri-
cal levels in the band gap or the creation of local vibrational modes (LVMs).
A deep understanding of the behavior and dynamics of hydrogen is thus in-
dispensable. First investigations of hydrogen in ZnO have been conducted
by Mollwo [18] and Thomas and Lander [19] in the 1950s. These groups es-
tablished a signiﬁcant increase of the n-type conductivity after hydrogen was
in-diﬀused in the material. This feature suggests hydrogen as a potential cul-
prit of the doping imbalance. Since then the topic of hydrogen in ZnO is part
of active research.
Support of this hypothesis was ﬁrst given in the framework of density functional
theory (DFT) by Van de Walle [20]. He established that atomic hydrogen in
ZnO does not reveal amphoteric character, as it is the case for a wide range
of semiconductors, but exclusively occurs in the positive charge state (H+).
Based on his ﬁndings, hydrogen located both at an interstitial lattice site (Hi)
and substituting for oxygen (HO) were proposed to act as shallow donors and
hence substantially contribute to the n-type conductivity. Experimental veri-
ﬁcation was given by Lavrov et al. [21] via the detection of the characteristic
shallow donor ionization energy for both, and the LVM only for the intersti-
tial species. The assignment of hydrogen substituting for oxygen, however,
remains speculative, since no vibrational mode was detectable. Janotti and
Van de Walle [22] proposed that a hydrogen atom located in the oxygen va-
cancies is bound not only to a single zinc atom, but forms a multicenter bond
with all nearest zinc neighbors. These conclusions were ﬁrst challenged by
Takenaka and Singh [23] and later on by Du and Singh [24]. This novel bond
type aﬀects the optical properties of HO in a way that standard spectroscopic
methods are not suitable for the detection of the corresponding LVM in ZnO.
Consequently, the veriﬁcation of both the hypothesis of the multicenter bond
and the microscopic nature of the substitutional hydrogen shallow donor is
hindered.
First indication of an electrically inactive hydrogen complex, which can dissoci-
ate after thermal treatment and acts as source for electrically active hydrogen
donor, was presented by Shi et al. [25] by means of infrared (IR) absorp-
tion spectroscopy. Recent Raman spectroscopy investigations identiﬁed the
H2 molecule as the potential origin [26]. Theoretical considerations by Van de
Walle [20] and Wardle et al. [27] are in support of the experimental ﬁndings,
whereas latest calculations question possible attributes and even the existence
of H2 in ZnO [28, 29]. To the present date, a detailed experimental investiga-
tion giving insight in the properties of H2 in ZnO and oﬀering a comparison
to H2 in other semiconductors (e.g. Si, Ge, GaAs) is missing. To settle the
controversy between theory and experiment, a better understanding is of fun-
damental necessity.
3Atomic hydrogen in its capacity as a fast-diﬀusing and highly reactive element,
easily forms complexes with intrinsic lattice defect and impurity atoms. Here
the positively charged interstitial hydrogen is attracted by negatively charged
defects and thus, preferentially passivates potential acceptors in ZnO. The
identiﬁcation and tracking of those complexes mainly based on vibrational
spectroscopy revealed numerous compounds [30–38].
Nowadays, hydrogen defects in ZnO are classiﬁed into three groups according
to their electrical activity: (i) hydrogen-related shallow donors [32, 39], (ii) the
hydrogen molecule [26], and (iii) hydrogen-acceptor complexes [30–38]. In the
literature tentative indications can be found that, depending on material treat-
ment and contamination, hydrogen species from one group (potentially H2) are
converted to another groups. The corresponding variation of the electrically
active hydrogen concentration may crucially aﬀect the electrical conductivity
and in consequence the working conditions of potential ZnO-devices. Hence,
an analysis of the interaction of elements of diﬀerent groups (i)–(iii) is essential
for the understanding of the unipolar n-type behavior of ZnO — but is still
missing.
This thesis is dedicated to the solution of present discrepancies between pre-
vious experimental and theoretical previous work regarding the two hydrogen
donors and the hydrogen molecule in ZnO. A particular emphasis of this study
lies on the interplay between these species. The investigations are substantial
for the understanding of optical and electrical properties and the role of H2
therein. For this purpose, knowledge gaps concerning the individual kinds of
hydrogen need to be ﬁlled. In particular, the LVM of HO must be identiﬁed in
order to unambiguously clarify the microscopic nature of this shallow donor. In
the case of H2 relevant physical properties (e.g. formation, stability, trap cen-
ter) and the ability to interact with hydrogen donors are still to be determined.
In this respect, the characteristics of a recently discovered hydrogen-containing
complex [40, 41], labeled with Y–Xn, including the microscopic nature and its
electrical activity is of great importance.
The present thesis is organized as follows: Chapter 2 gives an overview of the
fundamental properties and the state of the art of hydrogen-related defects in
ZnO. Furthermore, the reader is introduced to basic concepts of quasi-particles
in semiconductors, their theoretical description and experimental analysis. In
Chapter 3 information is given about samples, preparation procedures and
each measurement technique applied in this study. A Raman study on the in-
terplay of interstitial and substitutional hydrogen shallow donors is presented
in Chapter 4. In Chapter 5 a novel spectroscopy technique based on photocon-
ductivity (PC) measurements in conjunction with the detection of the LVM
due to substitutional hydrogen is introduced. Chapter 6 covers the investi-
gation of the H2 molecule and its relevance for the doping behavior in ZnO.
Chapter 7 is dedicated to the IR absorption analysis of Y–Xn, which is focused
on the identiﬁcation of the defect nature. Finally, in Chapter 8 the overall
results are summarized and an outlook for future investigations is given.
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Chapter 2
Basic Considerations
2.1 Hydrogen in ZnO
This section introduces the knowledge of hydrogen-related defects in ZnO at
the time this thesis work started. In the beginning, a brief overview of the
structural and electric properties of crystalline ZnO is given. In the following,
intrinsic defects are considered. Hydrogen-related defects known so far as well
as their properties are summarized in the end.
2.1.1 Fundamental properties of ZnO
Zinc oxide is a wide band gap semiconductor with a direct band gap of Eg =
3.44 eV at T = 2 K [1]. Its properties concerning the lattice and the electronic
band structure are well established and part of the several text books and
review publications, see e.g. Refs. [5, 42–45]. Under normal condition it grows
in the hexagonal wurtzite structure, where each zinc atom is surrounded by four
oxygen atoms, and vice versa. A sketch of the crystal structure is presented in
Fig. 2.1. The hexagonal unit cell is a prism with a rhombical basis characterized
by the side length a and the height c in the [0001] crystallographic direction
(“c-axis”). In c direction the crystal reveals a stacking order of ABABA(. . . ).
Each layer comprises one sub-layer of zinc (AZn, BZn) and oxygen (AO, BO),
which are shifted with respect to each other along the threefold c-axis. The
parameter u is deﬁned as the ratio of this displacement to the length of the unit
cell. In the case of ZnO (uZnO = 0.382) it is larger than in the ideal wurtzite
arrangement (uideal = 0.375). Due to this non-ideality the bond length of Zn–O
parallel to the c-axis l∥ is larger than the bond in the perpendicular orientation
l⊥.
The crystal structure exhibits two highly symmetric interstitial sites: the octa-
hedral site (Oint) and the tetrahedral (Tint) site. The Oint is positioned in the
open channels, which are aligned along the c-axis. There it is equally spaced
from three zinc atoms and three oxygen atoms of the same layer (BZn and
BO). The Tint site is located on the same plane as the Oint site, but positioned
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Figure 2.1: Wurtzite crystal structure of ZnO. Zinc atoms are given in gray and
oxygen atom as red spheres. The hexagonal unit cell is represented by solid lines.
Lattice parameters and bond lengths are indicated as described in the text. The
colored layers correspond to the sub-layers of the crystal structure. One representative
position of each interstitial site Tint and Oint is depicted by a yellow sphere in the
blue layer. VESTA code is used for plotting [46].
oﬀ the c channel with the nearest-neighbor atoms being one zinc atom (AIZn)
and one oxygen atom (AIIO ) of the next but one layer. The lattice anisotropy
aﬀects the characteristic properties in real space as well as in reciprocal space.
In particular, the frequency-dependent permittivity (ε∥, ε⊥) and the carrier
(electrons and holes) band masses (m∥,m⊥) are classiﬁed according to the di-
rection parallel or perpendicular to the c-axis. Characteristic parameters of
ZnO introduced above are summarized in Tab. 2.1. It should be noted that
in the literature all these experimental values reveal a ﬂuctuation due to the
application of various measurement techniques.
Table 2.1: Fundamental structural and electrical parameters of crystalline ZnO.
ZnO (wurtzite) Refs.
band gap (T = 2 K) Eg =3.44 eV [1]
lattice constants a=3.2496 Å, c=5.2042 Å [47]
u=0.382
bond lengths l⊥=1.974 Å, l∥=1.988 Å [5, 43]
dielectric constants ε⊥(0)= 7.8, ε∥(0)= 8.75 [48]
ε⊥(∞)= 3.70, ε∥(∞)= 3.75
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2.1.2 Intrinsic defects in ZnO
Deviations from the perfect crystal structure are known to aﬀect the electrical
and optical properties of the host material. Since intrinsic defects are often
introduced unintentionally during crystal growth or irradiation, e.g. with elec-
trons [49–51] and UV-light [52], a deep understanding of their properties is a
prerequisite for the understanding of all defects in ZnO. Native point defect
in ZnO, such as vacancies (VZn, VO), self-interstitials (Zni, Oi), and anti-
sites (ZnO, OZn), are the focus of numerous studies concerning the calculation
of their formation energies, energy states and charge states within the elec-
tronic band gap (see e.g. Refs. [53–58]). A comprehensive analysis of the
above-mentioned defects was conducted by Janotti and Van de Walle [56] (see
Fig. 2.2). In the excess of zinc, which reﬂects the usual growth conditions,
vacancies were found to be energetically most favorable for all Fermi level po-
sitions. The formation energy of Zni, however, was proposed to deviate only
slightly from VO if the Fermi level is positioned in the lower half of the band
gap. Contrarily, interstitial oxygen becomes relevant only for Fermi level po-
sitions close to the conduction band.
The dynamics of vacancies and self-interstitials in ZnO in terms of self-diﬀusion
and clustering is also considered in theoretical studies (see Ref. [56, 59, 60]),
whereas the results of experimental work reveal a strong divergence in the
Figure 2.2: Formation energies as a function of Fermi-level position for native point
defects in ZnO for oxygen-rich and zinc-rich conditions based on DFT within the local
density approximation (LDA). The valence band maximum corresponds to zero on
the Fermi level energy scale. Reprinted figure 3 with permission from A. Janotti and
C. G. Van de Walle, Phys. Rev. B 76, 165202 (2007). Copyright c⃝ 2007 by the
American Physical Society.
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activation energy for diﬀusion. Recently, Bang et al. [61] focused on vacancy
clustering by means of ﬁrst-principles calculations and kinetic Monte Carlo
simulations. The outcome provides a mechanism, which is suitable to explain
the formation of voids in zinc oxide, e.g. after ion implantation [62, 63].
2.1.3 Hydrogen-related defects in ZnO
Hydrogen is an omnipresent impurity in ZnO with a strong impact on the
electrical properties of this wide-band gap semiconductor [18, 19]. In the past
decades numerous hydrogen-complexes in ZnO have been identiﬁed, which can
be basically classiﬁed into three groups: (i) hydrogen-shallow donors, (ii) the
hydrogen molecule, and (iii) acceptor-hydrogen complexes.
2.1.3.1 Hydrogen-shallow donors in ZnO First-principles calculations
based on DFT predicted that both hydrogen trapped at an interstitial site (Hi)
and hydrogen substituting for oxygen (HO) act as shallow donors [20, 27, 64].
Of these two species the interstitial position was proposed to be the ground
state in a perfect ZnO lattice.
Experimental indication of two diﬀerent kinds of donors was ﬁrst reported by
Hofmann et al. [39] using electron paramagnetic resonance (EPR) and Hall-
measurements. A certain conﬁrmation of the theoretical conclusions for both
the interstitial and substitutional species, however, was provided in a com-
bined study of the optical and electrical properties by means of IR absorption
and Raman scattering spectroscopy, photoluminescence (PL) and PC measure-
ments [21].
Interstitial hydrogen (HBC) was found to be located bond-centered parallel to
the c-axis with a strong O–H bond and a LVM at 3611 cm−1 [21, 32]. The
shallow donor behavior is characterized by an ionization energy of 53 meV
(427 cm−1) and a 1s→ 2p electronic transition at 330 cm−1. These attributes
were independently established by the above-mentioned measurement tech-
niques. The annealing temperature of HBC depends on the amount of trapping
centers. In pure material it is proposed to be determined solely by the forma-
tion rate of hydrogen molecules [38, 65]. For concentrations of bond-centered
hydrogen at 1017 cm−3 the annealing temperature was reported to be around
200 ◦C [21, 66–68]. Hence, HBC is the major source for atomic hydrogen and
formation of hydrogen-related defects upon sample processing.
In contrast, the local structure of substitutional hydrogen has not yet been
validated. This species is predicted by Janotti and Van de Walle [22] to be
located at the oxygen vacancy in a so-called “multicenter” conﬁguration with
equivalent bonds to all four Zn neighbor atoms. The authors calculated a
LVM frequency at 760(50) cm−1, which is lower than the LVMs of 1497 cm−1
for the two-center H–Zn bond due to the higher coordination number and the
larger H-metal-atom distance in the multicenter arrangement [69]. Recent DFT
investigations performed by Du and Singh [24] on hydrogen trapped in anion
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vacancies of Zn-based II-VI semiconductors are in support of the hypotheses of
fourfold coordinated hydrogen in ZnO giving rise to a LVM at 723 cm−1. These
ﬁndings were challenged by Takenaka and Singh [23] who, in the framework
of standard LDA have found that hydrogen trapped in the oxygen vacancy
is anionic and does not form multicenter bonds. However, an unambiguous
identiﬁcation of chemical bonding of hydrogen in the oxygen vacancy via the
LVM is missing. This is because the predicted LVM frequency of the complex
is positioned in the strongly absorbing region of ZnO close to the Reststrahlen
band (see Sec. 2.2.4), which made a direct veriﬁcation diﬃcult. The donor
ionization energy and the 1s → 2p electronic transitions of HO were found
to be 47 meV and 265 cm−1 by means of PC and PL measurements [21, 70,
71]. Although the electronic transitions were also found in Raman spectra of
ZnO [72], the Raman line of the HO donor was blue-shifted compared to the
PL and PC measurements making the assignment ambiguous. Substitutional
hydrogen is signiﬁcantly more stable than HBC and, depending on the sample
history, anneals out at temperatures between 650 and 800 ◦C [71].
A comparative PL study of the two H-defects reveals that at the surface the
HO-related I4 bound exciton recombination line is preferentially formed [73].
The occurrence limited to the sub-surface region in conjunction with selective
preparation technique prompted the authors to assign the oxygen vacancy (VO)
as the trapping center for substitutional hydrogen. In literature, however, one
ﬁnds contradictory information on the formation and the properties of VO (see
e.g. Refs. [53, 55, 56, 74–77]) and therefore the reported experimental studies
(see e.g. Refs. [78–81]) including the conclusions in Ref. [73] remain vague.
Owing to the above-mentioned an investigation focusing on the interaction of
the two donor species was impossible. The most relevant electrical and optical
properties of the two hydrogen donor species are summarized in Tab. 2.2.
Table 2.2: Optical and electrical properties (donor ionization energy Ed, ground
state electronic transition 1s → 2p, LVM frequency σLVM, annealing temperature
Tanneal) of the HBC and HO shallow donors in ZnO as published in Refs. [21, 32, 70,
71, 73, 82]
HBC HO
Ed (meV) 53 47
1s→ 2p (cm−1) 330 265
σLVM (cm−1) 3611 –
Tanneal (◦C) 200 650 – 800
2.1.3.2 Hydrogen molecule in ZnO The ﬁrst-principles calculations
by Van de Walle [20] also considered the stability of molecular hydrogen. In
agreement with further theoretical investigations by Wardle et al. [27] H2 was
found to be located at an interstitial lattice site, where it shows the behav-
ior of a quasi-free rotor. In particular the interatomic H–H distance and the
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LVM frequency were expected to be close to the values of gaseous H2. Due
to symmetry requirements of the wave function (see Sec. 2.3.5), gaseous H2 is
subdivided into the ortho- and para-species with a natural abundance ratio of
3:1 and the ground state vibrational transitions Q(1) (o-H2) and Q(0) (p-H2)
at 4161 and 4155 cm−1, respectively [83].
This hypotheses is supported by IR absorption measurements performed by Shi
et al. [25], who established that some hydrogen in the crystal may exist in the
“hidden” form, i.e. be electrically neutral and invisible for IR absorption due
to zero-dipole moment. The reappearance of the HBC species upon thermal
processing served as basis for this indirect evidence. Although the authors ob-
served a dependence of this feature on details of the sample treatment [25, 84],
the chemical nature and the interplay with the HBC donor remained specula-
tive.
Recently, H2 and its isotopes were identiﬁed via detection of the LVMs in a
Raman scattering study which revealed that the LVM of H2 at 4145 cm−1 is
split into two components separated by 8 cm−1 with an intensity ratio of ap-
proximately 3:1 assigned to o- and p-H2 [26]. These results are fully consistent
with the calculations in Refs. [20, 27].
Theoretical considerations by Karazhanov and Ulyashin, however, suggest H∗2
as the ground state of the hydrogen dimer in unstrained ZnO. A H∗2 complex
comprises two hydrogen atoms bound at nearby lattice sites rather than form-
ing a direct H–H bond [85–88]. Experimental evidence for the existence of
this complex was found in hydrogenated Si [89] and Ge [90]. In ZnO the com-
plex comprises two weakly coupled hydrogen atoms of which each is bound
to the neighboring oxygen and zinc atoms [28]. In the case of strained and
oxygen-deﬁcient ZnO the conﬁguration of separated hydrogen substituting for
oxygen (HO) and interstitial hydrogen (HBC) was found to be more stable than
H∗2 [91]. Contrary to these authors, Du and Biswas [29] claimed that molecular
hydrogen in ZnO is stable but located within the oxygen vacancy rather than
at an interstitial lattice site.
Experimentally, the controversy related to the formation, stability, and position
in the lattice of hydrogen dimers in ZnO have not been addressed yet.
2.1.3.3 Acceptor-hydrogen complexes in ZnO According to theory
atomic hydrogen in ZnO exclusively occurs in the positive charge state [20,
92]. Hence, the passivation of negatively charged acceptor states mediated
via Coulomb attraction is a major concern for p-type doping. Until now,
hydrogen complexes of several promising acceptors were reported: CunHm [30,
93], CuH [32, 66], CuH2 [37], VZnH2 [32], VZnH∗2 [94], OH–Li [33, 34, 36],
N–H [95], a hydrogen mode at 3326 cm−1 not conclusively assigned to HAB,
VZnH, and Ca–H [31, 35, 38, 96–98], and a complex linked to Na–H [41].
The assignment of the latter defect to Na–H is referred to in more detail. The
authors’ conclusion is based on the observation of a LVM at 3304 (2466) cm−1
after hydrogenation (deuteration) of a melt-grown ZnO sample with a c face.
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Previously, these samples were annealed in oxygen and afterwards sodium was
in-diﬀused. An additional mode at 2461 cm−1 observed in the ZnO:D case
was assigned to a Fermi resonance with a third-harmonic wag mode of an
O–H bond. The above-mentioned modes were only observed after the Na
treatment. Local DFT calculations [99] propose a complex of an O–H bond
in an antibonding conﬁguration perpendicular to the c-axis next to sodium
substituting for zinc is proposed as the microscopic structure.
However, the detection of the LVMs is not limited to sodium treatments. In
Ref. [34] the line at 3304 cm−1 appears already in the as-grown state of a hy-
drothermal grown ZnO sample. A hydrogen plasma treatment signiﬁcantly in-
creases the line intensity accompanied by the appearance of a line at 3320 cm−1.
Hence, the assignment to sodium is questionable. An extended study of the
features was reported by Haug [40] on hydrothermal grown ZnO samples an-
nealing in D2 and/or H2. The author gave evidence that the lines at 3304
and 3320 cm−1 belong to one complex via the identiﬁcation of isotope mixed
modes. Furthermore, the high energy mode was shown to be aligned parallel
to the c-axis. Hence this line escaped from a probable detection in Ref. [41]. A
complex comprising two O–H bonds – one aligned parallel to c – directed to-
wards an unidentiﬁed impurity substituting for zinc was tentatively suggested
as origin. A lack of this model is its insuﬃciency for the explanation of the
polarization properties in conjunction with thermal annealing steps.
2.2 Quasi-particle excitations in crystals
This section focuses on the vibrational and electronic properties of a crystal
and the excitation of quasi-particles by light. The consideration starts with
an ideal crystal without any defects and continues with adding electrically
active and/or inactive impurities. The interaction between the vibrational and
electrical energy states with each other and with light are presented.
2.2.1 Phonons
The vibrational properties of a pure three dimensional crystal can be illustrated
by the simpliﬁed model of a diatomic linear chain. Within this model an inﬁnite
linear chain consists of two atoms per unit cell with masses m and M . The
nearest neighbor atoms interaction is mediated by the force constant f . A
sketch of the arrangement is presented in Fig. 2.3.
The following system of equations determines the atomic motion [100]:
Mu¨n = f(vn − un) + f(vn−1 − un) (2.1)
mv¨n = f(un+1 − vn) + f(un − vn).. (2.2)
Here n = 1, 2, ... denotes the speciﬁc unit cell, vn and un is the displacement
from the equilibrium position.
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Figure 2.3: A linear atomic chain consists of two different kinds of atoms (mass m
and M) arranged alternately. The interaction of nearest neighbor atoms is visualized
by a spring with the force constant f . The solution of the equation of motion yields
the acoustical phonon branch (lower curve) and optical phonon branch (upper curve)
as describes in the text.
The plain wave approach
un = u exp (−iωt) exp (inaq) (2.3)
vn = v exp (−iωt) exp (inaq) (2.4)
with the frequency ω, the value of the wave vector q, and the lattice constant
a yields, after inserting in Eqs. (2.1) and (2.2), the secular equation:
(
Mω2 − 2f f [1 + exp (−iqa)]




































that are labeled “optical” (+) and “acoustical” (−), respectively. The dispersion
relation is depicted in Fig. 2.3.
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2.2.2 Local vibrational modes
An impurity atom breaks the local lattice symmetry of a crystal. From here,
the question arises how the vibrational lattice modes are inﬂuenced and what
the spatial distribution of this perturbation is. The impact of impurity atoms
on the vibrational properties in the framework of a diatomic linear chain is
reviewed by Barker and Sievers [101]. These authors consider the substitution
of chain atoms by an impurity atom with mass m′ whereas the force constant f
remains unchanged. They distinguish between four possible cases: (i) m′ < m
on m-site, (ii) m′ > m on m-site, (iii) m′ < M on M -site, and (iv) m′ > M
on M -site. Situation (i) is depicted in Fig. 2.4.
Figure 2.4: Localization of a vibrational mode due to a light impurity atom with
mass m′ in a diatomic linear chain in (top) frequency domain with the density of
states G and (bottom) in the spatial domain. Reprinted figure 8 and figure 9 with
permission from A. S. Barker and A. J. Sievers, Rev. Mod. Phys. 47, S1 (1975).
Copyright c⃝ 1975 by the American Physical Society.
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After the substitution of a host atom with a lighter impurity atom a vibra-
tional mode with frequency above the LO mode arises. This mode is found to
be localized not only in the frequency domain but also in the spatial domain,
whereat the contributions of the nearest-neighbor atoms to the mode is weak-
ened with decreasing impurity mass m′. Therefore it is called “local vibrational
mode” (LVM). The authors show that the above-mentioned results hold not
only for substitutional atoms but also for interstitial impurities. Due to the lo-
cal character of the vibrational mode the defect can be treated like a diatomic
molecule, which is described in Sec. 2.3. Thus the detection of the frequency
and further isotopic substitution is a powerful tool for the identiﬁcation of the
binding partners.
2.2.3 Shallow impurities in semiconductors
The substitution of a lattice atom by a non-isoelectronic impurity results in ad-
ditional electrons or holes in semiconductors. These additional charge carriers
create energy levels within the band gap and hence contribute to the electrical
and optical properties. An impurity is called to be “shallow” if the ionization
energy is small compared to the band gap energy. For the sake of simplicity
the following consideration, which is mainly based on Ref. [102], is restricted
to shallow donors only.
2.2.3.1 Hydrogenic model The substitution of an atom in a perfect lat-
tice by an impurity with an additional electron can be treated in ﬁrst order
perturbation theory with the Schrödinger equation[
Hˆ0 + Hˆ1
]
Ψ(r) = EΨ(r), (2.7)
where Hˆ0 is the one-electron Hamiltonian of the unperturbed lattice, Hˆ1 =
−eVˆ s is the Coulomb interaction between the donor electron and the impurity
in the screened Coulomb potential Vs, and |Ψ⟩ is the donor electron wave
function. The wave functions of the unperturbed system can be expressed in
terms of the Bloch- or the Wannier-functions [103, 104].
It can be shown that with a perturbation potential Hˆ1 that changes only little
within one lattice constant, the motion of the electron can be expressed in
the eﬀective mass approach by the eﬀective electron mass m∗e in the unper-
turbed lattice [105, 106]. This condition is valid for the long-range Coulomb
potential. Since it appears that shallow donor electrons are strongly delocal-
ized, the Coulomb interaction between the shallow donor electron and its host
atom is screened by the lattice charge distribution determined by the relative
permittivity of the lattice ε. It was shown by Wannier [104] that under these









F (r) = EEMTn F (r), (2.8)
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where e is the elementary charge, ε0 is the vacuum permittivity, r is the dis-
tance from the impurity, n = 1, 2, 3, . . . is the main quantum number, and F (r)
is the envelope wave function. The solution of Eq. (2.8) is equivalent to the
atomic hydrogen problem and results in the donor energy levels










with the energy of the conduction band minimum Ec. The envelope wave
functions F (r) are given by the eigenfunctions of the hydrogen atom with the



















with the azimuthal quantum number l = 1, 2, ..., n− 1 and magnetic quantum
number m = −l,−l+1, . . . , l, the generalized Laguerre polynomials L2l+1n−l−1(ρ)
and the spherical harmonic functions Y ml (θ, ϕ).
2.2.3.2 Central cell correction In the eﬀective mass approach the chem-
ical nature of the donor atom is not taken into account. Furthermore, the ap-
proximation of the long-range Coulomb potential at the position of the donor
atom (r → 0) breaks down. This discrepancy is solved by adding a short-
range central cell potential Vcc with contribution only within the unit cell of
the donor atom to Eq (2.8). Pantelides and Sah [107] proposed a reasonable
potential function, which describes the screened Coulomb interaction in the
donor-electron system:









with the ﬁtting parameters A, α1, α2, and α3. A deviating short-range poten-
tial Vcc that serves for the calculation of shallow donor levels in wurtzite SiC
and GaN is published in Refs. [108, 109]. Since the probability density of the
donor electron
pn,l,m(r, θ, ϕ) = |Fn,l,m(r, θ, ϕ)|2. (2.14)
at the position of the donor (r = 0) is nonzero only for s-type states (l = 0),
solely these donor levels are aﬀected. The corresponding change in the donor
ionization energy is called “chemical shift” ∆Echn l.
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2.2.3.3 Hexagonal lattice The assumption of a single eﬀective electron
mass in Eq. (2.8) is only valid in the case of a conduction band that is isotropic
in k-space. In an uniaxial crystal, e.g. with wurtzite structure, the conduc-
tion band is anisotropic and hence the eﬀective electron mass depends on the
direction in the reciprocal lattice. The lattice anisotropy is also mirrored by
the dielectric function. The eﬀective-mass Schrödinger equation for the donor
electron at the zone center in an uniaxial crystal with the c-axis along the z


























= E(n)F (r), (2.15)
where ⊥ and ∥ denote the directions perpendicular and parallel to the c-axis,
respectively. If the crystal anisotropy factor, deﬁned as





is small (γ ≪ 1), the donor energy level can be calculated in ﬁrst order pertur-
bation theory. It can be shown that the anisotropy lifts the degeneracy of the
n = 2 states into 2s, 2px,y, and 2pz [110, 112] and also the n = 3 states [113].
The corresponding energy shift is labeled ∆Eanison l .
2.2.3.4 Polaron effects The interaction of an electron with its self-
induced polarization of an ionic crystal forms a quasi-particle, which is called
“polaron” [114, 115]. The so-called Fröhlich polaron has a radius which is
large compared to the lattice parameters. The strength of the electron-phonon














wherem∗ is the eﬀective electron mass, ΩLO is the frequency of the longitudinal
optical phonon and ε(ω) is the frequency-dependent relative permittivity. In
the case of a shallow donor, the electron-polaron is bound to the defect. The
strength of the coulomb interaction between the polaron and the defects is








The energy levels of the bound polaron in a hydrogen-like system were inves-
tigated by several groups in perturbation theory [116–128]. In principle, the
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energy correction to an unperturbed system is described in an eﬀective mass









Within this model the polaron is described by an eﬀective polaron mass mp
that diﬀers from the eﬀective electron mass m∗. In the weak coupling limit
(α ≪ 1) the polaron can be described in ﬁrst-order perturbation theory as a








Hence the shallow donor states in wurtzite-type materials (e.g. ZnO) generally
deviate from the eﬀective mass theory not only due to the chemical shift of the
s-type states and the lattice anisotropy induced splitting (for l ≥ 1) [111], but
also due to polaron eﬀects. The energy levels of shallow donor electrons Enl
below the conduction band minimum can thus be expressed as a summation
of the individual terms:
Enl = −Ec + EEMTn +∆Echn l +∆Eanison l +∆Epolarn . (2.21)
Applying Eqs. (2.17) and (2.18) on ZnO yields α = 1.1 and β = 0.94 indi-
cating that the weak-coupling condition (α ≪ 1) is not fulﬁlled. A PL study
performed previously by Meyer et al. [71] revealed a detailed analysis of bound
polaron eﬀects on shallow donors in ZnO which also accounts for the anisotropic
wurtzite lattice structure and the chemical shift. These authors obtained the
following shallow donor energy levels
E1s = −R∗
(



































where R∗ is the Rydberg energy modiﬁed by the polaron eﬀective mass and the
other parameters as already describes above. Within the framework of their
model the best-ﬁt parameters are α = 0.93, β = 0.6, γ = 0.038, and R∗ =
50.1 meV. The coupling constant, however, diﬀers from the value determined
by Eq. (2.17).
2.2.4 Polaritons
This section highlights the interaction of electromagnetic waves with the lattice
modes and the free carriers in the crystal.
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2.2.4.1 Optical phonons The interaction of a one-dimensional chain with
an electromagnetic wave can be described using the model of the damped-
harmonic oscillator with an external force:
mx¨+ ηmx˙+mΩ2TOx = −e∗E0 exp (−iωt). (2.26)
Here m, ΩTO, η and e∗ are the mass, the eigenfrequency, the damping and the
eﬀective charge of the oscillator, whereas E0 and ω are the amplitude and the
frequency of the electromagnetic wave E. The plane wave approach for the





Ω2TO − ω2 − iηω
E0 exp (−iωt). (2.27)
The displacement of oscillators with a density n corresponds to a polarization
density given by
P = −ne∗x. (2.28)
Electromagnetic ﬁeld E, polarization P , and subseptibility χ are linked by the
simple relation
P = ϵ0χE. (2.29)





Ω2TO − ω2 − iηω
(2.30)
The corresponding dielectric function is deﬁned as ε(ω) = 1+χ(∞)+χlattice(ω),
where χ(∞) is the background susceptibility far away from the resonance of
the lattice modes (χlattice(∞) = 0). Adopting ε(0) and ε(∞) as the limits of
ε(ω) for zero and inﬁnite frequencies yields
εlattice(ω) = ε(∞) + [ε(0)− ε(∞)] Ω
2
TO
Ω2TO − ω2 − iηω
. (2.31)
The above-mentioned oscillation describes a wave with an elongation perpen-
dicular to the wave vector k. However, in a medium without free charges the
Maxwell equation
∇D = εε0kE = 0 (2.32)
must be fulﬁlled, which is also true for εlattice(ΩLO) = 0, with the frequency
ΩLO of the longitudinal lattice motion. With the help of Eq. (2.31) in the
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Ω2TO − ω2 − iηω
)
. (2.34)








(Ω2LO − Ω2TO)(Ω2TO − ω2)







(Ω2TO − ω2)2 + η2ω2
(2.36)
The relation between the dielectric function and the complex index of refraction











In the case of normal incident of light on the surface of a medium with the
index of refraction n˜ = n1 + in2 the reﬂectance R deduced from the Fresnel
equations is
R(ω) =
(n1 − 1)2 + n22
(n1 + 1)2 + n22
. (2.39)
The results of Eqs. (2.35) and (2.39) in the case of negligible damping (η = 0)
are depicted in Fig. 2.5(a).
As one can see, in the frequency range ΩTO to ΩLO no light can enter the
material. This region is called “Reststrahlen band”. The dispersion relation of









Ω2TO − ω2 − iηω
)
(2.40)
Figure 2.5(b) visualizes this relation and demonstrates that frequencies in the
Reststrahlen band do not give rise to real solutions of the wave equation.
2.2.4.2 Free carriers The collective excitation of free carriers by an elec-
tromagnetic wave is called “plasmon”. It can be treated analogously to the
optical phonons. The absence of a restoring force in the present case is taken
into account with the substitution ΩTO = 0 in Eqs. (2.26)–(2.40). The suscep-
tibility of this quasi-particle is hence given by



























Figure 2.5: (a) Real part of the dielectric function ε(1)lattice (solid line) and the re-
flectance R (dotted line) of the phonon-polariton for negligible damping (η = 0) as a
function of the frequency ω. (b) Dispersion relation of the phonon-polariton. In the
frequency range ΩTO < ω < ΩLO called “Reststrahlen band” the reflectance is one
and the wave equation reveals no solutions. Thus no light with these frequencies can
enter the material. The response of free carriers is basically the same, with the only





is the plasma-frequency determined by the mass m, the
eﬀective charge e∗, and the concentration nfc of the free carriers. The dielectric
function and the reﬂectance look similar to Fig. 2.5, whereas ΩTO = 0.
2.2.4.3 Plasmon-polariton The overall dielectric function of the lattice
and the free carriers is the sum of the two contributions [130]. The damping














The longitudinal wave solution can be determined in analogy to the linear chain
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Figure 2.6: Plasmon-polariton in ZnO. The electron phonon interaction manifests
itself in the plasmon-polariton. This quasi-particle exhibits two branches Ω±, whose
energy depends on the free carrier concentration nfc (see Eq. (2.43)). The upper
branch Ω+ is LO-phonon like, since in the limit of low concentration it matches the
properties of the LO phonon. The lower branch Ω− appears only for nfc > 0 and
approaches the TO phonon frequency in the high concentration limit.
The upper branch Ω+ coincides in the limit of zero free carrier concentration
with the lattice frequency ΩLO. With increasing carrier concentration this
frequency blue-shifts almost linearly. The lower branch Ω− arises from zero
frequency in the absence of free carriers and approaches the lattice frequency
ΩTO in the limit of high free carrier concentrations. Figure 2.6 depicts these
branches in the case of ZnO, whereat the material parameters are taken from
the literature (see Ref. [131]) and assumed to be isotropic. A more detailed
calculation of the dispersion relation of the electron phonon interaction taking
into account the lattice anisotropy in ZnO is published by Husanu [132].
2.3 Theory of ro-vibrational motion
This section focuses on the rotational-vibrational (ro-vibrational) properties of
impurity atoms embedded in a crystal lattice. As it is presented in Sec. 2.2.2,
a light impurity interacts only with its direct surrounding and can therefore be
treated as a diatomic molecule with a reduced mass µ. In the following, mainly
based on Refs. [133, 134], the energy levels of this system will be considered.
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2.3.1 The harmonic oscillator
The Schrödinger equation describes the equation of motion of a given quantum
mechanical system [133]:
Hˆ |Ψ⟩ = E |Ψ⟩ . (2.44)
The Hamilton operator of a diatomic molecule with atom masses m1 and m2

























































|Ψ⟩ = E |Ψ⟩ . (2.50)









with the vibrational quantum number ν = 0, 1, 2, ....
2.3.2 The anharmonic oscillator
The harmonic oscillator is an instructive system from the viewpoint of quantum
mechanics because of its straightforward solution. However, the model does not
explains the experimental results of vibrating molecules exactly. The interac-
tion between the two binding partners is determined by a short-range repulsion
resulting from the overlap of the electronic wave functions (Pauli interaction)
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and a long-range attraction (e.g. Coulomb interaction) which vanished at inﬁ-
nite separation. This asymmetric vibrational potential is nowadays described
by sophisticated functions such as the RKR potential [135–138], the “modiﬁed
Lennard-Jones oscillator” [139] and the Morse/Long-range potential [140]. A
simple approximation which is in good agreement with experimental results in






Here De is the depth of the potential well, α describes the potential width and
r0 is the equilibrium distance between the binding partners. Equation (2.52)
can be expanded in a Taylor series with the deviation from the equilibrium
distance ∆r = r − r0:
VMorse(r) ∼= −De +Deα2∆r2 −Deα3∆r3 + 7
12
Deα
4∆r4 + . . . (2.53)




∆r2 − a∆r3 + b∆r4 + . . . (2.54)
As one can see in Eq. (2.54), the Morse potential describes an anharmonic
oscillator with the reduced mass µ and the harmonic eigenfrequency ωe. The









|Ψν⟩ = E(ν) |Ψν⟩ (2.55)





























with the vibrational quantum number ν (ν = 0, 1, ...). The constant part −De
is included in E(ν) for simplicity. The ﬁrst term in Eq. (2.57) represents the
harmonic part of the vibration. The second term is the anharmonic contribu-
tion, which is proportional to the parameter χe. Figure 2.7 depicts the Morse
potential together with the eigenvalues determined by Eq. (2.57). As one can
see with increasing ν the separation between the vibrational states decreases
and more and more deviates from the harmonic approximation.
2.3.3 Rotational-vibrational coupling







24 Chapter 2. Basic Considerations

















Figure 2.7: Morse potential together with the eigenvalues E(ν) determined by
Eq. (2.57) for a diatomic molecule with a reduced mass µ = M1M2/(M1 + M2)
and a force constant f = µωe. The energy is given in terms of the dissociation en-
ergy De and the interatomic separation in units of the equilibrium distance of the
ground state r0. The dashed lines show the harmonic part of the Morse potential for
comparison.
with the rotational quantum number J must be considered in Eq. (2.55).
The solution of the eigenvalue problem presented below was ﬁrst addressed






Considering the potentials of Eqs. (2.52) and (2.58), and using spherical coor-
dinates brings up the Schrödinger equation for the radial part:
∂2R(r)
∂r2












In the limit of low vibrational excitations the mean distance between the two
atoms only slightly deviates from the separation in the ground state r0. Hence,
Eq. (2.60) can be expanded in a Taylor series in terms of r0r . Doing so and
taking into account terms up to the fourth order, one obtains the ro-vibrational
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energy [133]













BνJ(J + 1)−DeJ2(J + 1)2, (2.61)
where























(αr0 − 1) . (2.63)
As one can see, the energy levels can be completely described by the Morse po-
tential parameters De, α and r0 as well as the reduced mass µ of the diatomic
molecule. Equation (2.61) contains contributions of the vibrational and rota-
tional motion up to the second order, whereas the ro-vibrational coupling scales
with αe. In ro-vibrational spectroscopy one probes transitions between these
energy levels. Regarding the selection rules (see Secs. 2.5.1.3 and 2.5.2.3) the
so-called S- and Q-modes are of general interest: S0(J) modes are transition
between rotational states (J → J+2) of the same vibrational quantum number
ν. Qν+1(J) modes are transitions between two vibrational states (ν → ν + 1)
with the same rotational quantum number J . Thus excitations of the vibra-
tional ground state ν = 0, which is dominantly populated in low temperature
experiments, are given by
S0(J) = E(0, J + 2)− E(0, J)
= 2(2J + 3)B0 − 4(2J3 + 9J2 + 15J + 9)De (2.64)
Q1(J) = E(1, J)− E(0, J)
= ~ωe(1− 2χe)− αeJ(J + 1) (2.65)
The energy states as well as the S0(J) and Q1(J) modes of the ro-vibrational
system originating from the vibrational ground state ν = 0 are schematically
depicted in Fig. 2.8. As one sees from Eq. (2.65), the ro-vibration coupling
results in a splitting of the Q modes. In particular, with increasing values of
J the energies of Q1(J) decrease.
2.3.4 Isotopic substitution
The energy levels and therefore the S- and Q-mode transitions (see Eqs. (2.61)-
(2.65)) depend on the reduced mass of the diatomic molecule. The following
consideration is limited to the vibrational part, since the rotational energy
splitting is small compared to the vibrational one and thus can be considered


















Figure 2.8: Ro-vibrational eigenvalues E(ν, J) for ν = 0, 1 and J = 0, ..., 3 (see
Eq. (2.61)) of a diatomic molecule. The corresponding S0(J) and Q1(J) transitions
determined by Eq. (2.64) and Eq. (2.65) are depicted by the arrows. In general, for a
diatomic molecule all transitions are allowed.














Q1 = ~ωe(1− 2χe). (2.67)
According to Eq. (2.63), ωe and χe are proportional to 1/
√
µ. The substitution
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In the case of diatomic molecules with two equivalent atoms (m1 = m2 = m)













For investigations of ZnO, the oxygen-hydrogen bond and the diatomic hydro-
gen are of special interest. Figure 2.9 shows the isotope eﬀect on the harmonic
frequency (and the anharmonicity parameter) when hydrogen bound to a part-
ner atom X with mass mX is substituted by deuterium. The frequency ratio
after substituting both atoms of H2 by deuterium can be easily deduced from
a two-step substitution to be
√
2 ≈ 1.41.
In the harmonic approximation (χe ≪ 1) the energy levels E(ν) and the Q1
mode transitions are only proportional to the harmonic frequency ωe. Thus
the frequency shift is given by the values in Fig. 2.9. Taking into account the
small contributions of χe, one ﬁnds that the frequency ratio of the Q-modes
is slightly reduced. The substitution of a light atom (e.g. hydrogen) by a
heavier atom (e.g. deuterium) does not only decrease the vibrational mode
frequency, but also aﬀects the position of the energy levels (see Eq. (2.66)).
The higher the atomic mass the deeper the corresponding levels are located in






































Figure 2.9: Isotope effect on the harmonic frequency ωe and the anharmonicity
parameter χe. The curve shows the ratios ωe(H)/ωe(D) and χe(H)/χe(D) after sub-
stituting the deuterium atom(s) by hydrogen according to Eq. (2.68). Here the masses
mH = 1.008 u and mD = 2.014 u with the unified atomic mass unit u are used [69].
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the potential well. In particular, the zero-point energy is lower for a deuterium-
related vibration than for its hydrogen-analogous.
2.3.5 Restrictions for hydrogen dimers
Atomic hydrogen has three isotopes which deviate by the number of neutrons
and hence in their nuclear spin quantum number I: hydrogen (H), deuterium
(D), and tritium (T). Since the natural abundance of tritium is negligibly
small [69], only the formation of the three hydrogen dimers H2, D2, and HD will
be considered here. The former two consist of two indistinguishable particles,
which determines the symmetry of the total molecular wave function as shown
here. A good overview of the properties is given in the introduction of the
review article by Fukutani and Sugimoto [143], which serves as a basis for the
following description.
The total wave function contains the nuclear wave functions and the electronic
wave functions of the two binding partners (see Fig. 2.10). Let the nuclei
with spin I1,2 and the electrons with spin S1,2 be located at R1,2 and r1,2,
respectively. The total nuclear and electron spin is I = I1 + I2 and S = S1 +
S2, respectively. In the Born-Oppenheimer-approximation [144] the electronic
system follows immediately the changes in the nuclear system and hence the
total wave function can be separated into an electronic part ϕe and a nuclear
part χnϕn, where χn is the nuclear spin function and R = R1 −R2:
Ψ = ϕe(r1, r2,S, I,R)χn(I)ϕn(R) (2.71)
2.3.5.1 H2 molecule The H2 molecule is formed by two hydrogen atoms
with nuclear spin IH = 1/2. Thus the total nuclear spin can be either I = 0
or I = 1. The corresponding nuclear spin wave functions χn(I) are presented
in Tab. 2.3. Due to the fermionic nature of the nuclei the total wave func-
tion of the molecule (see Eq. (2.71)) must be antisymmetric with respect to
the exchange of the nuclei. The parity of the spatial wave function ϕn(R) is
determined by the rotational quantum number J as Pϕ = (−1)J [133]. With
the exchange operator of the two nuclei E12 the wave function transforms as:
E12χn(I)ϕn(R) = Pχ(−1)Jχn(I)ϕn(R) (2.72)
!
= −χn(I)ϕn(R) (2.73)
As one can see in Tab. 2.3, χn(I = 0) is antisymmetric and χn(I = 1) is
symmetric under permutation of the nuclei. This limits the corresponding
rotational quantum numbers J to even and odd values, respectively. The H2
molecule is hence classiﬁed by the nuclear spin in ortho-H2 (o-H2, I = 1) and
para-H2 (p-H2, I = 0) with a natural abundance ratio of 3:1 determined by
the nuclear spin degeneracy 2I + 1.











Figure 2.10: Sketch of the hydrogen molecule. The two nuclei H+ (D+) positioned
at R1 and R2 reveal the nuclear spin I1 and I2, respectively. The electrons are
located at r1 and r2 and exhibit electronic spins S1 and S2, respectively. In the case
of identical nuclei the total wave function is restricted due to symmetry requirements.
Table 2.3: Nuclear spin functions of the H2 molecule. Here the braket notation
|mI1 ,mI2⟩ is used, where mIi is the projection of spin Ii (i=1,2) on the molecular
axis. The possible values “+12 ,−12” are represented by “↑, ↓”. For H2 two nuclear spin
configurations are possible I = 0, 1.
mI χn(I = 0) χn(I = 1)
1 - |↑, ↑⟩
0 1√
2
(|↑, ↓⟩ − |↓, ↑⟩) 1√
2
(|↑, ↓⟩+ |↓, ↑⟩)
-1 - |↓, ↓⟩
2.3.5.2 D2 molecules The D2 molecule consists of two deuterium atoms
with nuclear spin ID = 1. In this case, the total nuclear spin can be I =
0, 1, or 2 with the corresponding nuclear spin wave functions as summarized in
Tab. 2.4.
Due to the bosonic nature of the nuclei the total wave function must be sym-
metric with respect to the permutation of the nuclei. A similar treatment as for
H2 reveals that χn(I = 0) and χn(I = 2) have parity 1 and hence are limited
to even rotational quantum numbers J (ortho-D2). In contrast, para-D2 has
total nuclear spin I = 1 and only odd values of J . Due to the degeneracy of the
nuclear spins the ortho-to-para ratio of D2 is 2:1 [(2 ·0+1+2 ·2+1) : (2 ·1+1)].
2.3.5.3 Ortho-para species in ro-vibrational motion The limitation
of the ortho- and para-species to certain rotational quantum numbers directly
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Table 2.4: Nuclear spin functions of the D2 molecule. Here the braket notation
|mI1 ,mI2⟩ is used, where mIi is the projection of spin Ii (i=1,2) on the molecular
axis. The possible values “+1, 0,−1” are represented by “↑,−,↓”. For D2 three nuclear
spin configurations are possible I = 0, 1, 2.
mI χn(I = 0) χn(I = 1)
1 - 1√
2
(|↑,−⟩ − |−, ↑⟩)
0 1√
3
(|↑, ↓⟩ − |−,−⟩+ |↓, ↑⟩) 1√
2
(|↑, ↓⟩ − |↓, ↑⟩)
-1 - 1√
2
(|−, ↓⟩ − |↓,−⟩)












inﬂuences the corresponding ro-vibrational transitions as depicted in Fig. 2.11.
In the following, only the H2 molecule will be considered, but the results are
also valid for D2.
The ro-vibrational ground state of o-H2 (ν = 0, J = 1) is higher in energy than
the ground state of p-H2 (ν = 0, J = 0) by 2Be − 4De and therefore unstable.
However, the transition time in free space is in the time scale of the lifetime of










describes the overall H2 system, where NJ is the occupation number of the J
levels [146]. The population ratios NJ/N1(0) of the rotational levels in the indi-
vidual species are determined by the degeneracy of the rotational state gJ and






exp (−EJ1(0)/kT ). (2.75)
At T = 0 only the ground states of both species are populated. At elevated
temperatures, however, the rotational states J > 1 become occupied at the
expense of the ground state populations. The occupation probability of the
rotational states is mimicked by theQ(J)-mode intensity IJ . The temperature-
dependent intensity ratio I1/I0 can be obtained after substituting Eq. (2.75)



















Figure 2.11: Ro-vibrational transitions of H2 and D2. Transitions are only possible
between rotational states either of even values ( ) or odd values ( ) due to
symmetry requirements. Thus the diatomic hydrogen dimers are separated in two
species: para-H2 (ortho-D2) and ortho-H2 (para-D2).














gJ1 exp (−EJ1/kT )
, (2.76)
where gJ1(0) are the degeneracy ratios of the rotational J and 1(0) states,
respectively. The prefactor nop = 3 accounts for the ortho-para-ratio. At
T = 0 the intensity ratio of the ground state transitions Q(1) and Q(0) equals
the ortho-to-para-ratio. According to Eq. (2.65) these modes are separated by
the so-called “ortho-para splitting” ∆op = 2αe.
Table 2.5 lists the latest experimental results on the ro-vibrational Q(J) transi-
tion of gaseous hydrogen molecules together with the corresponding ortho-para
splitting.
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Table 2.5: Fundamental ro-vibrational transitions Q(J) of gaseous H2, HD, and D2
from Ref. [147] and the ortho-para splitting ∆op. All values are given in cm−1.
species Q(0) Q(1) Q(2) ∆op
H2 4161.16636(15) 4155.25400(21) 4143.46553(15) 6.41236(36)
HD 3632.16052(22) 3628.30450(22) – –
D2 2993.61706(15) 2991.50706(15) 2987.29352(15) 2.11000(30)
2.4 Analysis of defects
This section focuses on methods for the analysis of LVMs. The ﬁrst subsec-
tion is devoted to the introduction of the concept of “normal vibrations of
molecules”. Based on this, in Sec. 2.4.2 a quantitative technique for analyzing
normal vibrations is presented. Finally, Sec. 2.4.3 gives a brief introduction
to group theoretical considerations - a qualitative approach. The following
considerations are based essentially on Refs. [148, 149].
2.4.1 Normal modes of vibration
A molecule comprising N atoms (α = 1, ..., N) reveals 3N degrees of freedom.
Of those three belong to the translational motion and three (two for linear
molecules) are related to rotational motion. The vibration of the molecule
can be described independently in a rotating Cartesian coordinate systems
that moves with the center of mass. The kinetic and potential energy depend
on the deviation ρα = (∆xα,∆yα,∆zα) of the αth atom from its equilibrium






















where q˙i is the time derivative of the coordinates and the force constants fi,j
are the second derivative of the potential on the spatial coordinates qi and qj .
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fijqi = 0. (2.81)
This systems of equations can be solved by
qi = Kkli,k cos(ωkt+ φk), i = 1, 2, ..., 3N, (2.82)
where k denotes a particular eigenmode, with the frequency ωk and the phase
φk. The prefactors li,k and Kk correspond to the relative amplitude of the
i coordinate and the initial conditions of the motion, respectively. As one
can see from Eq. (2.82) the frequency and the phase of each coordinate and
thereby of each atom is the same. Those solutions are called “normal modes
of vibration”. However, due to the degrees of freedom of the translation and
rotation only 3N − 6 (3N − 5 for linear molecules) eigenmodes reveal non-zero
frequency. This means only 3N − 6 coordinates are independent of each other.
It can be shown that each normal mode of vibration k is described by a normal





Substitution of Eq. (2.82) into this deﬁnition leads to
Qk = (Qk)0 cos(ωkt+ φk). (2.84)
Consequently, each normal mode of vibration k is characterized by its frequency
ωk, phase φk, and normal coordinate Qk.
2.4.2 Method of Fˆ - and Gˆ- matrix
An alternative investigation of normal modes was ﬁrst reported by Wilson
[150]. As mentioned in the previous section, only 3N − 6 of the Cartesian
displacement coordinates ρα are independent of each other. Therefore the
vibrational system can be fully described by a set of 3N−6 internal coordinates




stα · ρα. (2.85)
Here the transformation vector stα points in the direction in which a given
displacement of the αth atom results in the greatest increase of St. Examples
for internal coordinates are the stretching of a bond and the bending of two
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bonds. The kinetic and potential energies can be expressed in terms of the













where the components of the Fˆ matrix are determined by the force constants






stα · st′α. (2.88)
Elements Gtt′ of common occurrence are tabulated, e.g. in Ref. [148]. The
substitution of Eqs. (2.86) and (2.87) in the Lagrange equation (2.80) results
under the assumption of harmonic vibrations
St = (St)0 cos(ωt+ ϕ) (2.89)
in the secular equation ∥∥∥Fˆ Gˆ− Eˆω2∥∥∥ = 0, (2.90)
with Eˆ as the identity matrix. It can be shown that an unambiguous transfor-
mation exists that converts the normal coordinates Qk into internal coordinates
St and vice versa.
The advantage of using this approach is that the normal mode frequencies ω
are directly linked to the internal arrangement of the molecule independent
of the external orientation. This is of special interest for the determination
of the local molecule structure from spectroscopic investigations of vibrational
modes.
2.4.3 Aspects of Symmetry
2.4.3.1 Symmetry of molecules and point groups The symmetry of
a crystal or a defect is deﬁned by the set of coordinate transformations that
leave the atomic arrangement unaltered. These transformations can be classi-
ﬁed into three categories: rotation around an axis, reﬂection at a plane, and
displacement along a vector. In Tab. 2.6 all possible symmetry operations
are presented using the Schoenﬂies notation. The ﬁrst four elements describe
transformation where one spatial point remains unchanged and thus describe
point symmetry. The last three elements are linked to a translational motion,
which are applicable only for extended structures.
The entity of symmetry operations that describes the crystal structure consti-
tute a non-commutative group in the mathematical sense. In total, 32 diﬀerent
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Table 2.6: Symmetry elements in a crystal. The first four elements do not contain
translational motion and thus describe point symmetry. The last three elements,
however, are only applicable for infinitely extended crystals or defects.
symmetry operation Schönflies notation
rotational axis Cn, n = 1, 2, 3, 4, 6, ...
mirror planes σh,σv,σd
inversion I




point groups can be formed out of the ﬁrst four elements in Tab. 2.6. Their
constitution and properties are part of a wide range of literature on group
theory and its applications in spectroscopy, e.g. Refs. [133, 148, 149]
In the following some important terms and concepts of group theory will be
introduced mainly gathered from Ref. [148].
The number of elements A,B,C, . . . in a group G is the order g. A and B
are called “conjugated ” when the relation B = CAC−1 holds. The entirety of
elements in G that are conjugated to A are called “class”. The order of a jth
class is labeled gj . Since it can be shown that each symmetry element belongs
to exactly one class, the group G can be subdivided into classes.
A map of all elements A, B, C, . . . ∈ G on n × n-matrices Rˆ(A), Rˆ(B),
Rˆ(C), . . . ∈ G′ is called homomorphous, if the relation A ◦B = C is preserved
after projection Rˆ(A) ◦ Rˆ(B) = Rˆ(C). In this case the matrices are called
“representations” of G. In particular the application of a symmetry operation






where d is the dimension of the representation and the arbitrary coordinates
(Cartesian, internal,...) ξi which are suﬃcient to fully describe the system are
called “basis” of Rˆ. Via an orthogonal transformations Tˆ of the basis ξi to
another basis ηj the representation matrix is changed to Rˆ′ = Tˆ RˆTˆ−1. It can





is invariant upon these transformations and therefore called “character” of the
representation. Out of the inﬁnite number of equivalent representations with
corresponding basis, there exists one matrix that can be expressed in a diagonal





Rˆ(1) 0 . . . 0












with mi×mi-submatrices Rˆ(i) with degeneracy ni. These matrices are labeled
“irreducible representations”. Let ξi be the corresponding basis, then one sees
from Eq. (2.91) that an irreducible representation Rˆ(i) projects a given subset
of coordinates (ξj , ξj+1, . . . , ξj+mi−1) on its linear combinations.
For each point group there is a certain number of irreducible representations.
For all the 32 point group the symmetry classes (j = A,B, . . .), the irreducible
representations Rˆ(i) and the corresponding characters χR(i)(j) are summarized
in so called “character tables”. Table 2.7 shows the character table of the C3v
point group.
Table 2.7: Character table of the C3v point group. Here (x,y,z) and (X,Y,Z) refer to
the transformation of the linear functions due to translational and rotational motion,
and αij represent the transformation of quadratic functions.
C3v E 2 C3 3 σv
A1 1 1 1 z αxx + αyy, αzz
A2 1 1 -1 Z
E 2 -1 0 (x, y),(X,Y) (αxx − αyy, αxy),(αyz, αzx)
The ﬁrst row lists the symmetry elements. The ﬁrst column contains the
irreducible representations, where A1 and A2 are one-dimensional and E is
two-dimensional. The characters corresponding to a irreducible representation
of a symmetry operation are the elements of the table. The fourth column
indicates the representations of the linear function (x, y, z) and the rotations
(X,Y, Z), whereas the ﬁfth column contains the quadratic functions. These
properties are important for determining selection rules.
The number of how often an irreducible representation Rˆ(i) occurs within a









where the sum goes over all classes j.
2.4.3.2 Symmetry of vibrations According to the considerations in
Secs. 2.4.1 and 2.4.2 the total energy of a system H = T +V can be expressed
in Cartesian, normal as well as internal coordinates. These three systems are
linked via an orthogonal transformation. Using normal coordinates the total
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with an α-fold degeneracy of the mode Qkα. The application of a symmetry
operation upon the system results in the transformation of the normal coor-
dinates according to Eq. (2.91). Since by deﬁnition the total energy remains
constant, the symmetry operation maps the Qk(α) on itself or a linear combi-
nation within the mode k(α). Therefore the normal coordinates Qk are a basis
for the representation of the corresponding point group. It can be shown that
this representation is fully reduced. The Cartesian and internal coordinates
are a basis of a generally reducible representation.
The point group describing the normal modes is identical to that of the
molecule. But contrary to the inspection of the coordinate transformation
in the steady-state, the normal modes are determined by the transformation
of the coordinates’ modiﬁcation. The symmetry of the vibrational properties is
classiﬁed via the characters χ of the reducible representation Γ of the molecule.
The irreducible representation included in Γ can be extracted using Eq. (2.94).
More details can be found in the literature (see e.g. Ref. [148]).
2.4.3.3 Selection rules The transition properties between two states






The integral does not vanish only when the integrand is fully symmetric. Ac-
cording to the previous section each vibrational wave function corresponds to
a certain symmetry and thus is characterized by an irreducible representation
Γ(i),Γ(f). The symmetry of the perturbation given by its components corre-
sponds to an irreducible representation Γ(H1) of the same point group. Hence
the symmetry of the integrand is determined by the direct product
Γ(f)⊗ Γ(H1)⊗ Γ(i). (2.97)
As a result, the selection rules for induced transitions are:
⟨
f
∣∣∣Hˆ1∣∣∣ i⟩ ̸= 0 if
(i) the fully symmetric representation A1 is part of the direct product
A1 ∈ Γ(f)⊗ Γ(H1)⊗ Γ(i) (2.98)
or
(ii) a fraction of Γ(i) is part of the direct product of the other two represen-
tations
Γ(f) ∩ [Γ(H1)⊗ Γ(i)] ̸= ∅. (2.99)
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In Sec. 2.5 it will be shown that the perturbation operator for IR absorption
is proportional to the position operator that is transformed like the spatial
coordinates x, y, z, whereas the Hˆ1 is determined by a second-rank tensor
transforming like the αij ’s. From the character table one can directly read oﬀ
the irreducible representations.
2.5 Defect identification
In this section the theoretical principles of the applied measurement techniques
are introduced. In particular, two methods for probing vibrational properties,
namely Raman scattering spectroscopy and IR absorption spectroscopy, and
one method for detecting electrical properties, PC spectroscopy, of defects are
presented.
2.5.1 Raman scattering spectroscopy
2.5.1.1 Classical description Raman scattering spectroscopy [151–153]
is a powerful tool for the investigation of optical modes of quasi-particles like
optical phonons, magnons, plasmons as well as electronic excitations and is
based on an inelastic scattering process.
As shown in Sec. 2.2.4, the linear response of a medium to an incident electrical
ﬁeld E is the polarization ﬁeld
P = ϵ0χˆE, (2.100)
with the vacuum permittivity ϵ0 and the susceptibility χˆ, which, in turn, acts as
the source for the emitted light. In general, the susceptibility χˆ is a second-rank
tensor that describes the symmetry of the respective system. The polarization
ﬁeld is also given by the density n of the dipole moments µ, where for Raman
scattering the ﬁeld induced dipole moment mediated by the polarizability αˆ is
of major interest:
P = nµ = αˆE, (2.101)
An excited quasi-particle contributes to the susceptibility via its eigenmodes.
Hence, the susceptibility χij can be expanded in terms of the corresponding
normal coordinates Qk:








Qk + . . . (2.102)
The derivative terms in the ﬁrst sum are the components of the so-called
“Raman tensor” and often written as χij,k. This third-rank tensor mimics the
local symmetry of the quasi-particle and is responsible for the selection rules.
The normal mode Qk, characterized by the frequency Ωk and wave vector kk,
is given by (see Sec. 2.4.1)
Qk = (Qk)0 cos(Ωkt− kkr). (2.103)
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An incident electromagnetic ﬁeld
E = E0 cos(Ω0t− k0r), (2.104)














(χij,k)0 (Qk)0(Ej)0 cos [(Ω0 +Ωk)t− (k0 + kk)r] + . . .
(2.105)
The ﬁrst term in Eq. (2.105) represents the Rayleigh scattering process in
which the frequency and momentum of the scattered light remains unchanged.
The second and the third term describe two sidebands due to the Stokes- and
Anti-Stokes scattering. In these processes the frequency and momentum of the
scattered light is changed by the properties of the quasi-particle. Considering
the conservation law in energy and momentum one obtains the sidebands next
to the Rayleigh light:
Stokes : ~ΩS = ~(Ω0 − Ωk), ~kS = ~(k0 − kk), (2.106)
Anti− Stokes : ~ΩAS = ~(Ω0 +Ωk), ~kAS = ~(k0 + kk). (2.107)
Since the wavelength of the incident/scattered light is generally much larger
than the lattice constant (
∣∣∣k(A)S∣∣∣ , |k0| ≪ |kk|), only quasi-particle with kk ≈ 0
can contribute to the scattering process. Rayleigh scattering is determined by
χij , whereas the Raman scattering takes place only if the ﬁrst derivative of the
susceptibility χij,k ̸= 0.
2.5.1.2 Polarization dependence According to Eqs. (2.100) and (2.101)





In polarization sensitive experiments the incident light is linearly polarized






In general, the wavelength of the incident light is large compared to the char-
acteristic length of the system. Hence the electric ﬁeld can be considered as
constant. With the known relation of the intensity of an Hertzian dipole,
Eq. (2.109) results in the Raman scattering intensity:
IRaman ∝ (Ω0 ± Ωk)4 |esχˆei|2 ∝
∣∣∣esRˆei∣∣∣2 . (2.110)
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By selecting proper polarizations for the incident and scattered light the com-
ponents of the Raman tensor Rˆ and thus the symmetry of the rotational-
vibrational complex are accessible. Porto’s notation a(bc)d is generally used
to describe the conﬁguration of a polarization sensitive Raman measurement.
Here, a and d describe the direction of propagation of the incident light ei and
the scattered light es, respectively. The direction of the polarization of the in-
cident light Ei and the scattered light Es is given by b and c. For convenience,
the principle axis of a system are often selected for analyzing the polarization
properties.
2.5.1.3 Selection rules of Raman scattering From the quantum me-
chanical perspective, the incident electromagnetic wave is a perturbation of the
system transferring it from an initial state |i⟩ to a ﬁnal state |f⟩ via a virtual
intermediate state (see Fig. 2.12).
The following consideration is based on Ref. [149]. The transition probability
from |i⟩ to |f⟩ is proportional to the square of the transition matrix element







Ω0 Ω0 Ω0Ω0 Ω0 − Ωk Ω0 + Ωk
Rayleigh - process Stokes - process Anti-Stokes - process
Figure 2.12: Principle of Raman scattering spectroscopy. The Raman scattering
is a two-step process. First a photon with frequency Ω0 excites the system from
its initial state |i⟩ in a virtual intermediate state (dashed line). Secondly, this state
relaxes to the final state |f⟩. When no scattering takes place, initial and final states
are identical (Rayleigh scattering, left). If the photon, however, is scattered at a
(quasi-)particle with characteristic frequency Ωk, the final state of the system |f⟩
is different. Depending on whether the photon deposits or gains energy during this
process, its frequency is Ω0 − Ωk (Stokes, middle) or Ω0 +Ωk (Anti-Stokes, right).
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When the electric ﬁeld is again considered as constant, only the susceptibility
determines the matrix element in Eq. (2.111):
[χmn]i→f = ⟨f |χmn |i⟩ . (2.112)
In analogy to the classical susceptibility (see Eq. (2.102)), [χmn]i→j can be
expanded in terms of the normal coordinate Qk
[χmn]i→f = [χmn]0 ⟨f |i⟩+
∑
k
(χmn,k)0 ⟨f |Qk |i⟩+ . . . . (2.113)
Considering pure vibration, the initial and ﬁnal state can be expressed as


















(χmn,k)0 ⟨νfa|Qk |νia⟩+ . . .
]
. (2.116)
The normal coordinate Qk is determined by the position operator and thus can
be substituted by creation and annihilation operators a and a+, respectively.
Due to the orthogonality of the harmonic oscillator wave functions, the ﬁrst
term does not vanish only for νfa = νia, whereas the second is non-zero for
νfa = νia ± 1.
A similar analysis can be done for rotational states considering the transition
matrix of the rotational part of the Hamilton operator. It can be shown that
in the case of a linear rotor the overall change is ∆J = 0,±2 [148]. This
ﬁnding can be understood by the bosonic nature of the photons with spin
quantum number one, where in each of the two excitation steps (see Fig. 2.12)
the rotational quantum number J of the systems changes by ±1.
From here the selection rules of the Raman process on a linear molecule can
be deduced:
χmn,k ̸= 0, (2.117)
∆ν = 0,±1, (2.118)
∆J = 0,±2, (2.119)
whereas at least one quantum number must be diﬀerent from zero. The former
condition means that the polarizability of the molecule must be changed by
the excitation. This feature depends on the symmetry properties of the (quasi-
)particle.
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2.5.1.4 Temperature dependence The Raman scattering intensity de-
pends not only on the transition probability Pi→j ∝ [χmn]i→j and the energy
of the scattered light Ω0 ± Ωk (see Eq. (2.109)), but also on the occupation
number. The thermal averaged population ratio of two harmonic oscillator
energy levels, which are separated by ~Ωk is given by the Boltzmann distribu-
tion. Thus the intensity ratio IS/IA between the Stokes- and the Anti-Stokes














Reversely, this means that the intensity ratio is a measure for the local tem-











2.5.2 Infrared absorption spectroscopy
2.5.2.1 Absorbance and concentration The absorption of an electro-
magnetic wave when passing through a dielectric layer is given by
dI(σ, x) = −α(σ, x)I(σ)dx, (2.122)
with the wave number σ (σ = 1/λ), the penetration depth x, the absorption
coeﬃcient α, and the intensity I(σ). In general, the absorption coeﬃcient α is
a function of the wave number σ of the incident light and the distribution of
absorbers in the layer. The situation is schematically depicted in Fig. 2.13.
When passing a homogenous material with the layer thickness d one obtains
for the intensity
Ihom(σ, d) = I0(σ) exp (−α(σ)d). (2.123)
In IR absorption spectroscopy a specimen is illuminated by light with a broad
spectrum of energy. The intensity of the transmitted light is measured as a
function of σ. Since an excited state has a limited lifetime, its absorption
band reveals a ﬁnite line width Γ. Of experimental importance is therefore the











If the absorbers are homogeneously distributed in the layer, Eq. (2.123) can
be inserted. Moreover, a detailed investigation of the dielectric response of
harmonic oscillators on electromagnetic waves (see e.g. Ref. [154]) reveals that

















Figure 2.13: Principle of IR absorption spectroscopy. Transmission of an electro-
magnetic wave with incident intensity I0(σ) through a layer with thickness d. In
general, the concentration profile of the absorbing species is inhomogeneous.
where n is the homogenous defect concentration, e∗ is its eﬀective charge, µ
is its reduced mass, ϵ0 is the vacuum permittivity, and c is the speed of light.
Notice that the absorbance is a measure of the defect concentration.
In the case of an inhomogeneous layer, the integration of Eq. (2.122) results in








After substituting this equation in Eq. (2.124) and comparing with Eq. (2.125)

















The derivative of the latter relation can be used to determine the defect dis-
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where n(±d/2) is the concentration at the surface of the layer with thickness
d. In practice, the surface of a specimen is gradually removed, e.g. via etching
or polishing, and measured after each step.
2.5.2.2 Polarization The microscopic description of the absorption pro-
cess is given by the excitation of a vibration via an electromagnetic wave E.
According to the model of the driven harmonic oscillator in Sec. 2.2.4 only the
fraction of E parallel to the orientation of a rigid dipole d contributes to the
excitation process. The intensity of light emitted by an oscillating dipole is
known to be proportional to the square of its dipole moment. In particular,
the orientation of the dipole and the polarization of the electromagnetic wave
span a plain. Within this plain one can deﬁne a z axis with the angle φ and













In a given arrangement (φ = const.), the intensity is a function of the polar-
ization angle αE only:
I(αE) ∝ µ2 ∝ (Ed)2 (2.132)
∝ cos2(φ− αE) (2.133)
The variation of the polarization of the incident light is a tool for probing the
orientation of a defect dipole moment. In polarization sensitive experiments,
however, one has to take into account degeneracies of identical dipoles as well
as orientational degeneracies due to symmetry requirements. More details
on various numbers of identical dipole in C3v symmetry of wurtzite ZnO is
presented in Appendix A. It can be shown that the angular dependence is
always representable as a function of cos2(αE) or sin2(αE).
2.5.2.3 Selection rules of infrared absorption The absorption of a
photon by a system results in the transition from an initial state |i⟩ to a ﬁnal





where eα is the charge of atom α and qα is the distance of the αth atoms
to the center-of-mass with the Cartesian coordinates q = x, y, z. In ﬁrst-
order perturbation theory the transition probability and thus the intensity is
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determined according to Fermi’s golden rule
Ifi ∝ Pfi ∝
∣∣∣⟨f | Hˆ1 |i⟩∣∣∣2 (2.135)
with the perturbation potential
Hˆ1 = −µE. (2.136)
Since the wavelength of IR light (λ ∼ µm) is large compared to the dimen-
sions of the excited system (d ∼ nm . . . Å), the electromagnetic ﬁeld can be
considered as constant. Thus the absorption process is only determined by the
electric dipole moment matrix
[µ]fi = ⟨f | µˆ |i⟩ . (2.137)
The vibration of the system results in a change of the interatomic separation
and thereby in a variation of the dipole moment. Hence, the dipole moment can
be expanded in terms of the mass-weighted coordinates of the normal modes
Qk in analogy to Eq. (2.102):








Qˆk + . . . (2.138)
Considering only terms up to the ﬁrst order and renaming the derivitive into
µ(k), the transition matrix is
[µ]fi = µ0 ⟨f |i⟩+
∑
k
µ(k) ⟨f | Qˆk |i⟩. (2.139)
Again, in the harmonic approximation, the total vibrational wave functions
of initial and ﬁnal state can be expressed as a product of harmonic-oscillator
wave functions with occupation numbers νia and νfb in the vibrational state a
and b according to Eqs. (2.114) and (2.115).
The mass-weighted operator Qˆk is equivalent to the position operator. Thus, it
can be expressed as a sum of creation and annihilation operators (see Sec. 2.3.1)


















νik + 1 |νik + 1⟩+√νik |νik − 1⟩
)
. (2.141)
Equation (2.139) is responsible for the selection rules of IR absorption. Con-
sidering the orthogonality of harmonic oscillator wave functions, the ﬁrst term
is non-zero only if the initial and ﬁnal state coincide. In this case, however, no
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absorption takes place. The second term in Eq (2.139) is non-vanishing only
for
µ(k) ̸= 0 (2.142)
and
∆νk = νfk − νik = ±1. (2.143)
This means the absorption of a photon with energy ~Ωk (∆νk = 1) and thus the
excitation of the eigenmode Qk takes place only, when this particular mode
changes the dipole moment of the vibrational system. The value of µ(k) is
mainly determined by the symmetry of the vibrational mode.
2.5.3 Photothermal ionization spectroscopy and photoconduc-
tivity spectroscopy
PC describes the generation of free carriers in a material induced by illumi-
nation. In an intrinsic semiconductor only light with energy exceeding the
bandgap is absorbed and can excite free carriers. The situation is diﬀerent
when the semiconductor contains impurities. In this case free carriers are gen-
erated if the photon energy is suﬃcient to ionize the impurity. On the basis of
this properties Lifshits and Nad [155] reported a sensitive spectroscopic tech-
nique for probing the energy levels of shallow impurities - named photother-
mal ionization spectroscopy (PTIS). A review of this method is published in
Ref. [156].
For simplicity the following considerations are limited to shallow donors, but
are valid for shallow acceptors as well. The energy levels of a shallow donor are
basically those of a hydrogen atom embedded in a dielectric material and thus
are labeled by the same quantum numbers (see Sec. 2.2.3). The separation
between the 1s energy level and the bottom of the conduction band deﬁnes
the donor ionization energy Ed. The selection rule for the absorption of light
remains ∆l = ±1.
At T = 0 K only the ground state 1s is populated. Absorption of light with
proper energy can result in the excitation of the electron from the ground state
(i) into higher donor levels (1s→ np) or (ii) into the conduction band (cb) and
thus the ionization of the donor. In the ﬁrst case the electron relaxes back to
the ground state after a certain time, whereas in the second case the electron
is liberated and can contribute to a current.
For temperatures T > 0 K, the ionization of the donor can appear not only
via direct excitation into the conduction band, but also by a two-step process.
First the electron is photo-excited into a p orbital as described above. With a
certain probability, in this state the electron absorbs a phonon which thermally
ionizes the donor. Consequently only photons with energy matching intrinsic
electronic transitions of a shallow donor contribute to the photocurrent. In
PTIS, the photocurrent under illumination is recorded as a function of the
energy, which reveals peaks at the 1s → np and 1s → cb transitions. The



























Figure 2.14: Principle of PTIS. Donor electrons in the 1s state that are optically
excited into the conduction band directly ( ) or to higher donor states np and
subsequently ionized thermally (PTIS) ( ), result in a photocurrent. The energies
of the absorbed photons and thus the separation of the shallow donor levels 1s→ np
as well as the ionization energy is deducible from the detection of the photocurrent
as a function of the incident light.
principle of the two ionization processes and the corresponding photocurrent
are depicted in Fig. 2.14.
Here the temperature is a crucial parameter, since it must be suﬃciently high to
generate phonons with energies suitable to ionize electrons from the 2p state(s)
(E ∼ 1/4Ed), but low enough to avoid thermal excitation 1s → np (E ≥
3/4Ed) or even direct thermal ionization. In the eﬀective mass approximation
the separation of the 2p state from the conduction band is independent of the
chemical nature of the donor. Thus the working temperature only depends on
the material parameters of the host.
The major advantage over other techniques in detecting electronic shallow
donor transitions, such as IR absorption spectroscopy, is the high sensitivity
of PTIS. The reason for this is that no external detector device is required -
the sample itself is the detector. In Ref. [156] the sensitivity and the detec-
tion limit is analyzed. Both properties are shown to depend on the sample
dimensions, on the concentrations of the major donor impurity A and of com-
pensating impurities B, and on the cross-sections for trapping and ionization
of donor electrons. For typical parameters, a concentration limit in germanium
of Nmin(A) = 105 cm−3 corresponding to about 10−16 at% was proposed [156].
PTIS measurements were carried out for excess carrier concentration of 1010−
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1014 cm−3 in ultra pure Ge [157], Si [158], and GaAs (see Refs. [39-46] in





The samples used in this study were vapor phase grown ZnO single crystals
supplied by the Institute for Applied Physics, University of Erlangen (Ger-
many) [161, 162]. The pristine hexagonal prisms grew along the c-axis and
exhibited length and diameters of typically 25 mm and 2–3 mm, respectively.
All nominally undoped specimen reveal n-type behavior and a speciﬁc resis-
tivity of 10−2–10−1 Ω cm.
The as-grown samples were ﬁrst cut using a diamond wire saw and subse-
quently polished using diamond paste into cuboids with parallel surfaces and
a surface smoothness of 1 µm. Samples suitable for optical measurements had
a typical dimension of 10 × 2 × 2 mm3, whereas those prepared for electrical
measurements were thin plates with typical dimensions of 10× 3× 0.3 mm3.
Hydrogen was introduced into these samples via thermal treatments in H2 gas.
For this purpose they were placed and sealed in an ampoule, which has been
ﬂushed ﬁve times with H2 gas prior the gas pressure at room temperature was
set to 0.5 bar. The heat treatments were performed at 730–1000 ◦C for 1 h in
a tubular furnace. This process was terminated by quenching the sample to
room temperature in water. For isotope substitution experiments, hydrogen
was replaced either by deuterium or by a mixture of H2 and D2 (1:1). Directly
after hydrogenation at 1000 ◦C the samples exhibited a gray surface which was
removed via polishing of about 50–150 µm from each face of the sample.
The thermal stability and interaction of hydrogen-related defects were inves-
tigated in isothermal and isochronal annealing series. These annealing steps
were carried out with the samples located in a quartz boat in ﬂowing Ar at-
mosphere for 0.5–1 h in the temperature range 100–1000 ◦C. Afterwards the
specimen was slowly cooled down to room temperature.
For the investigation of the distribution of hydrogen-related defects in the
sample as well as in the run-up to the production of ohmic contacts, some
samples were etched with orthophosphoric acid (85 %). In particular, the
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samples were placed in the solution at room temperature for 1–40 min and
from time to time moved around to avoid asymmetric removal or deposits on
the surface. The etching process was ended by dipping the sample in distilled
water, ethanol and acetone. The total etching rate using this procedure was
found to range from 0.7 to 1.2 µm/min.
To produce ohmic contacts, the samples were ﬁrst etched with orthophosphoric
acid (85 %) for 1 min at room temperature as described above. Afterward two
contacts with an area of approximately 2×2 mm2 were generated by scratching
an In-Ga eutectic onto the sample surface. A gold wire was inserted in each
of these contacts. Finally, a droplet of conductive silver was put on top and
allowed to harden. After the sample was cooled down to 4 K the ohmic contacts
had to be renewed.
Between the measurements the samples were stored in liquid nitrogen (LN2)
in order to slow down unintentional annealing.
3.2 Measurement setups
3.2.1 Photoconductivity
The PC measurements were performed with a Bomem DA3.01 Fourier trans-
form spectrometer equipped with a globar (SiC) light source and a KBr or my-
lar (3.5 µm thick) beamsplitter. The samples were positioned in an exchange-
gas cryostat supplied by Oxford Instruments equipped with polypropylene or
ZnSe windows. With this arrangement the frequency range 100–5000 cm−1
could be covered. The spectral resolution was 1–4 cm−1. The temperature of
the sample was stabilized within 0.4 K in the range of 10–14 K. Polarized light
was produced by a wire-grid polarizer on a KRS-5 substrate in front of the
cryostat.
3.2.2 Infrared absorption
IR absorption measurements were performed with the same Bomem DA3.01
Fourier transform spectrometer equipped with a globar light source, a CaF2
beamsplitter, and a liquid nitrogen-cooled InSb detector. Measurements were
performed in a He exchange-gas cryostat from Oxford Instruments equipped
with ZnSe windows. The spectral resolution was 0.2–1.0 cm−1. A sample
temperature in the range of 4–300 K could be covered. Again, polarized light
was produced by a wire-grid polarizer on a KRS-5 substrate placed in the
beam path in front of the cryostat, where a polarization angle 0 − 90◦ could
be selected.
3.2. Measurement setups 51
3.2.3 Raman scattering
The Raman measurements were conducted in a 90◦ geometry using the fre-
quency doubled 532 nm line of a Nd:YVO4 laser with a power of 1 W for exci-
tation in the temperature range of 50–296 K. The scattered light was analyzed
using a monochromator (Czerny-Turner arrangement) and a liquid-nitrogen-
cooled Si CCD detector array. The spectral resolution was 2.5–3.6 cm−1. The
integration time was depended on the spectral region and ranged from 1 min
for the phonon spectrum of ZnO to 2 h for the hydrogen-related vibrational
modes. To account for misalignments in the sample mounting, Raman spec-
tra were calibrated with respect to the intensity and frequency of the A1(TO)
phonon mode at 380 cm−1.
The scattering geometry is deﬁned in the coordinate system of the sample,
with the x, y, and z axes parallel to the [011¯0], [21¯1¯0], and c axes, respectively.
If not noted otherwise, the x(z−)y conﬁguration was employed [163]. The
notation “–” indicates that no polarization for the scattered light was selected.
The laser was focused on the dashed line shown in Fig. 3.1. At this position the
laser beam exhibits a minimal diameter of about 35 µm. Laser light scattered
only at points on the dashed line was selected by using a mask placed on the
x-z-face of the sample. This tool ﬁltered the light reﬂected from the side faces.
Depth proﬁles were obtained via shifting the sample along the y direction and










Figure 3.1: Sketch of the Raman scattering geometry employed in this thesis. Depth
profile measurements were performed along the dashed line. The scattering position
in the middle of the sample and at the surface are labeled “center” and “surface”,
respectively. The sample thickness is denoted by d.
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3.2.4 Photoluminescence
PL measurements were performed with the sample immersed in liquid He
(4.2 K). The 325-nm line of a HeCd laser with a typical power of 3 mW was
used for excitation. The emitted light was analyzed by a SPEX monochroma-
tor equipped with a 1200 grooves/mm grating and detected by a Peltier-cooled






In this chapter we focus on the interplay between the two energetically most
favorable monatomic hydrogen species in ZnO — namely interstitial (HBC)
and substitutional (HO) hydrogen.
As already mentioned in Chap. 2.1, both HBC and HO act as shallow donors.
The major diﬀerence, however, is the local structure in the lattice. On the
one hand, HBC is located bond-centered parallel to the c-axis with a strong
O–H bond and is easily formed in a perfect crystal. On the other hand, HO
is positioned in the oxygen vacancy and therefore depends on availability of
lattice imperfections. Since both HBC and HO contain the same impurity, the
nature of the dominant hydrogen donor species in ZnO samples should depend
on the growth conditions, sample history, and the details of sample processing.
Previous experimental results indicate that directly after hydrogenation of a
bulk sample or growth of a ZnO thin ﬁlm HBC is the dominant donor. Theoret-
ical investigations of the formation energies, however, yield comparable values
for both complexes, HO and HBC [22, 29].
A detailed analysis of the interaction between interstitial and substitutional
hydrogen suﬀers from several drawbacks. First, LVM of HO cannot be detected
by standard optical spectroscopic techniques, e.g. IR absorption spectroscopy
and Raman spectroscopy due to the positioning in a highly absorbing region
and insuﬃcient sensitivity, respectively. Hence, the electronic transitions of
the shallow donor are the only opportunity to trace this defect. PC and PL
measurements reveal the 1s → 2p electronic transitions to be at 330 (HBC)
and 265 cm−1 (HO). So far, these techniques were applied to obtain most of
the experimental information about the properties of HO. Nevertheless, they
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are restricted to a near surface layer of ZnO only. The local inhomogeneities,
which result from the nonuniform oxygen vacancy distribution created by high
temperature treatments, are not accessible. Thus a direct comparison between
the formation, stability, local distribution and interaction of the two donors is
not possible and hinders a veriﬁcation of calculations.
Here, we present results of a Raman study, which focuses on the interplay
between the two hydrogen donors in ZnO. Raman spectroscopy is not only
applicable for the detection of LVMs but was also applied for the detection of
electronic shallow donor transitions [110]. Moreover, this measurement tech-
nique is not limited to the near surface layer but extends across the whole
sample, thus providing a detailed insight into the properties of HBC and HO.
In order to enhance the concentration of oxygen vacancies, the hydrogenation
temperature in this study is increased compared to those reported in previous
publications.
The chapter is organized as follows: First, the inﬂuence of the high temper-
ature treatment on properties of HBC is investigated. Second, the electronic
transition of HO in Raman spectroscopy is identiﬁed. Third, the interaction
between the two donors is discussed.
An innovative approach to circumvent the problem of detecting the LVM of
HO is presented in Chap. 5.
4.2 Impact of high temperature treatments on HBC
Figure 4.1 presents low temperature Raman spectra obtained from the “center”
of a ZnO sample before and directly after hydrogenation in a mixture of H2
and D2 at 1000 ◦C. Prior to the treatment only the lattice phonon modes
A1(TO), E1(TO), E
high
2 , E1(LO), and a multiphonon mode labeled with (∗)
are observed. The high temperature annealing step results in the appearance of
three features at 340, 2668 and 3611 cm−1. The former signal is related to the
1s → 2s(2p) donor transition(s) and the latter two are assigned to the LVMs
due to DBC and HBC, respectively [21]. Additionally, the E1(LO) phonon line
changes in intensity and shape. This behavior was explained earlier by a Fano
interaction with the continuum of the electronic HBC (DBC) shallow donor
states [21].
4.2.1 Electronic transition of HBC
After high temperature treatment two diﬀerences are measured compared to
the reports on low temperature hydrogenated ZnO. First, the E1(LO) phonon
mode intensity is more strongly reduced and second, the electronic 1s→ 2s(2p)
transition is blue-shifted by about 7 cm−1 compared to the values obtained by
Lavrov et al. [21] after hydrogenation at 725 ◦C. The strength of a resonance
is proportional to the number of defects that account for the resonant energy
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Figure 4.1: Raman spectra recorded of a ZnO sample at the “center” position at
T ≤ 55 K before (bottom) and directly after (top) hydrogenation in a mixture of
deuterium and hydrogen at 1000 ◦C. The feature labeled with “∗” is assigned to a
multiphonon mode [163–165].
states. Hence the strong reduction of the E1(LO) phonon intensity, which is
observed in the present study with a higher annealing temperature, is fully
consistent within the framework of Fano interactions with the electronic states
of the bond-centered hydrogen. A similar behavior was previously observed
for Sb in ZnO by Samanta et al. [166].
4.2.1.1 Isotope effects on the shallow donor transition In order to
investigate if the shift of the 1s→ 2s(2p) transition is a property of the hydro-
gen isotope, Raman spectra for ZnO samples after high temperature hydro-
genation with H2, D2 and H2 + D2 were recorded. The results are presented
in Figure 4.2. No detectable isotope eﬀect of the electronic 1s→ 2s(2p) tran-
sition(s) of the bond-centered hydrogen species can be seen. This ﬁnding is
in accordance with the results on low temperature hydrogenated ZnO (see
Ref. [21]).
In Tab. 4.1 shallow donor transitions 1s → 2s(2p) due to HBC together with
the concentration N of the corresponding isotope(s) and the hydrogenation
temperature TH of ZnO samples grown under the same conditions are summa-
rized.
As already mentioned, the 1s → 2s(2p) transition revealed in the present
Raman study is always blue-shifted by about 7 cm−1 compared to the values
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Figure 4.2: Raman spectra recorded at T ≤ 55 K in the center of ZnO samples
treated with hydrogen and/or deuterium at 1000 ◦C.
Table 4.1: Frequencies of the electronic shallow donor transition of HBC and/or DBC
in ZnO hydrogenated under different conditions. The concentration was determined
using Eq.(3) in Ref. [21].
TH isotope(s) N 1s→ 2s(2p) Ref.
(◦C) (cm−3) (cm−1)
725 HBC 1.5×1017 333 [21]
1000 HBC ≤ 4×1018 341 [72]
1000 HBC 5×1017 340± 1 This study
1000 DBC ≥ 3×1017 342± 1 This study
1000 HBC+DBC 3×1017 340± 1 This study
obtained via PL, PC, and Raman measurements after hydrogenation at 725 ◦C
(see Ref. [21]). The observed transition, however, matches the Raman value
after hydrogenation at 1000 ◦C presented in earlier work (see Ref. [72]). The
frequency shift was not commented on by the authors.
Under conditions employed in this study the solubility limit of hydrogen in
ZnO is 3 × 1018 cm−3 and thereby one order of magnitude higher than in
the case of the low temperature annealed samples [19]. Since directly after
hydrogenation HBC is the dominant donor with a concentration close to the
solubility limit of hydrogen, the free carrier concentration at T ≤ 55 K equals
the amount of ionized hydrogen donors. This value can be estimated to be
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below 3× 1015 cm−3 [167]. As seen from the present results, the energy of the
electronic transition(s) as well as the concentration of HBC are changed by the
details of the treatment but the LVM frequency of HBC remains unaﬀected.
Here the following possibilities for the blue-shift of the 1s → 2s(2p) tran-
sition(s) are discussed: (i) polariton-plasmon eﬀects, (ii) interaction between
neutral shallow donors, (iii) donor-acceptor interaction, and (iv) internal strain
ﬁelds.
(i) In polar semiconductors the Coulomb interaction between IR-active lattice
vibrations and the free carriers leads to a coupling of the LO phonons and the
plasmon vibrations as it is demonstrated in Sec. 2.2.4.3. The corresponding
polariton-plasmon branches Ω± for ZnO with the known parameters from the
literature (see Ref. [42]) are presented in Fig. 2.6. A resonance interaction
between the low-energy polariton-plasmon branch Ω− and the electronic donor
transition Eel = 333 cm−1 separates the energy levels and is mediated by the
interaction strength ∆ described in ﬁrst-order perturbation theory by∣∣∣∣∣Eel − ϵ ∆∆ Ω− − ϵ
∣∣∣∣∣ = 0. (4.1)
The free carrier concentration nfc ≥ 1018 cm−3 necessary for a resonance in-
teraction with the electronic transition (see Fig. 2.6), however, is three orders
of magnitude above the experimental value, which rules out the polariton-
plasmon mechanism as a possible reason of the energy shift.
(ii) From Tab. 4.1 one can see that the blue-shift of the 1s → 2s(2p) transi-
tion(s) seems to be proportional to the hydrogen concentration. The solubility
limit of hydrogen at our treatment temperature fulﬁlls almost the Mott cri-
terion [168] in ZnO indicating an interaction between the donor states. As
mentioned already, the majority of the HBC shallow donors at the measure-
ment temperature is in the neutral charge state. In this case the electric
dipole-dipole interaction is dominant, but should result in a red-shift and a
broadening of the electronic transitions of shallow donors [133]. The expan-
sion of the donor electron wave functions scales with the square of the main
quantum number n. Hence the overlapping of the wave functions and thus
a donor level band broadening occur at lower impurity concentration for the
n = 2 states compared to the n = 1 state [169]. However, the line position
and shape of the 1s → 2s(2p) transition do not only depend on the splitting
of the donor bands but also on the density of states within these bands mak-
ing a general prediction challenging. A detailed IR absorption study on Si by
Kuwahara [170] established that the shallow donor transition remains unaf-
fected until the shallow donor concentration exceeds 1016 cm−3, but red-shifts
with further increase. The same behavior was reported on Ge by Imatake
[171]. Note that these two materials are non-polar elemental semiconductors.
Hence, the overlap of the wave functions due to bound electrons is unlikely
but still cannot be ruled out as a reason for the blue-shift of the 1s→ 2s(2p)
transition(s) of HBC.
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(iii) Additionally to the shallow donors our ZnO samples could contain accep-
tors. The random electric ﬁelds of the ionized acceptors (e.g. Zn vacancies)
will aﬀect the shallow donor states. Still, the interaction with charged defects
should result in a red-shift of the electronic transitions and therefore account
for the experimental observations [156].
(iv) Table 4.1 also indicates that the blue-shift of the 1s→ 2s(2p) transition(s)
depends on the temperature of the hydrogenation. Indeed, the treatment at
1000 ◦C makes the sample surface gray and milky, which does not take place
for temperatures below 750 ◦C. This strongly indicates that the high tem-
perature treatment causes considerable lattice damages possibly related to the
agglomerates of native defects such as vacancies and/or interstitials. Since the
electronic transitions are drastically inﬂuenced by the local electronic struc-
ture, the presence of these defects aﬀect the 1s → 2s(2p) donor transition.
Extended PL studies on the shallow donor transitions in ZnO have been con-
ducted by Meyer et al. [71] and Wagner et al. [172] by investigating the donor
bound exciton recombinations. The 1s→ 2s(2p) electronic transitions in ZnO
were found to scale with the donor binding energy Ed [71] as
E1s→2s = C2s + 0.75Ed,
E1s→2p = C2p + Ed.
(4.2)
Here the constants Ci depend on the ﬁnal state (i = 2s, 2p). The donor
binding energy is linked to the localization energy of the donor bound excitons
via Haynes rule [173] established in ZnO [70, 71, 174] to be
Eloc = 0.37Ed − 4.2 meV. (4.3)
A detailed analysis of the eﬀect on uniaxial stress on the shallow donor tran-
sitions revealed a change in the localization energy of donor bound exciton in
the energy region of HBC of 1.87 cm−1/GPa [172]. These ﬁndings allow to










= 40.9(1−B) cm−1/GPa, (4.4)
with B = 0 (2p), and B = 0.25 (2s). Based on this one determines a value
of p = 0.20 ± 0.03 GPa in the ZnO samples hydrogenated at 1000 ◦C. The
eﬀect of hydrostatic and uniaxial stress on the phonon modes in ZnO at room
temperature was investigated earlier by Decremps et al. [175], Reparaz et al.
[176] and Callsen et al. [177]. In order to compare these results with our ﬁndings
room temperature Raman measurements for the samples hydrogenated in the
temperature range 800 to 1000 ◦C were carried out. From the internal stress
determined above, a phonon energy increase of about 1 cm−1 is expected.
However, no noticeable shift compared to the virgin sample was detected for
the A1(TO), E1(TO), and E
high
2 phonon modes. We take this as an indication
that the hydrogenation-induced strain results in a local rather than extended
lattice distortion aﬀecting the hydrogen donor states. This model is supported
by ﬁndings on the LVM shift of the H2 molecules in ZnO (see Chap. 6).
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4.2.1.2 Concentration profile Figure 4.3(a) presents Raman spectra of
a ZnO sample hydrogenated at 1000 ◦C. The spectra were recorded for diﬀer-
ent excitation spots along the y axis (see Fig. 3.1). Since interstitial hydrogen
is a fast diﬀusing species [21, 65, 66, 68], the electronic transition of HBC at
340 cm−1 can be detected across the whole sample. Towards the sample sur-
face the 1s → 2s(2p) donor transition of HBC signiﬁcantly broadens but only
marginally blue-shifts due to the lattice damage induced by the heat treat-
ment. The intensity of the E1(LO) phonon line at about 590 cm−1 vanishes at
the sample surface. As is will be shown in the next paragraph, this decrease in
intensity anticorrelates with the HBC concentration. This feature is a strong
support for the earlier established explanation of a Fano resonance between
the phonon mode and the continuum of electronic states in the conduction
band [21]. Hence, the high temperature treatments result in a signiﬁcant con-
centration of donor states mainly accumulated close to the sample surface.
Additionally, a weak shoulder labeled with (∗) at around 283 cm−1 appears in
Fig. 4.3(a) for the excitation spots at the sample surface. The intensity of this
signal rapidly decreases within about 300 µm towards the center of the sample
indicating a subsurface defect induced by the hydrogen treatment. Evidence
for the identiﬁcation of this feature as the shallow donor transition of HO is
presented in Sec. 4.3.











































Figure 4.3: Depth profiles obtained for a ZnO sample hydrogenated at 1000 ◦C
(a) in pure hydrogen and (b) in a mixture of hydrogen and deuterium. The Raman
spectra in the phonon regime as a function of y are normalized to the intensity of the
A1(TO) phonon. The bottom and top spectra were recorded on the front side and
the back side of the sample with respect to the entrance slit of the monochromator,
respectively.
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For comparison, a similar concentration proﬁle was recorded from a ZnO sam-
ple hydrogenated in a mixture of hydrogen and deuterium. The corresponding
Raman spectra are presented in Fig. 4.3(b). Two experimental details diﬀer
from the hydrogenated sample. First, the E1(LO) phonon line is less aﬀected
indicating a lower concentration of shallow donors in this sample. This conclu-
sion is in accordance with our results of the HBC concentration in these ZnO
samples, which were annealed with diﬀerent hydrogen isotopes (see Tab. 4.1).
Second, the intensity of the broad feature labeled with (∗) is less pronounced,
which indicates a lower concentration of the corresponding defect.
PL measurements conducted on two ZnO samples hydrogenated at 750 and
1000 ◦C were performed in order to verify the observed Raman shift in the
electronic transition of HBC [178]. The near-band edge signals, which are
detectable within the penetration depth of about 50 nm, experienced a signif-
icant broadening due to the surface damage. Additionally, the donor-bound
exciton (D0X) recombination and two-electron-satellite (TES) transitions of
HBC are known to overlaps with the I6a and I7 related lines [21]. Only for
the sample annealed at 1000 ◦C a TES signal in the expected region of HBC
is visible. The PL data reveal a 1s → 2s(2p) donor transition for HBC at
334±7 cm−1 with a broad shoulder at the high energy side preventing us from
a deﬁnitive conﬁrmation of the blue-shift. In both samples the I4 related lines
associated with HO were detected, which exhibit a shallow donor transition
of about 266 cm−1. This value matches the 1s → 2p transition as reported
previously (see Ref. [21]) conﬁrming the presence of HO directly after the high
temperature hydrogenation.
4.2.2 Local vibrational mode of HBC
4.2.2.1 Concentration profile of the HBC LVM Figure 4.4(a) presents
Raman spectra recorded at diﬀerent sample depths obtained for ZnO hydro-
genated at 1000 ◦C. As one can see, the high temperature hydrogenation has
no detectable inﬂuence on the LVM frequency along the proﬁle but on the con-
centration of HBC. The normalized intensities of the 3611 cm−1 vibrational
mode of HBC are presented in Fig. 4.4(b). The defect is distributed over the
whole sample, as already seen from the 1s → 2s(2p) electronic transition in
Fig. 4.3(a). The concentration proﬁle, however, is non-uniform and can be
classiﬁed in three regimes. The concentration is constant within the error bars
of the measurements in the center of the sample (A), but reveals a maximum
close to the sample surface (B) and a signiﬁcant drop at the surface (C).
From the diﬀusion theory one would expect a symmetric concentration pattern
with a maximum at the surface and a decrease described by the error func-
tion. Recent SIMS measurements on deuterium implanted ZnO conducted by
Johansen et al. [68] revealed an activation energy Ea = 0.85 ± 0.19 eV and a
prefactor D0 = 2.5 × 10−2 cm2/s for the deuterium diﬀusion. Note that the
latter value scales with the isotope mass µ−1/2. Using these values, the dif-
fusion length of hydrogen in the present study directly after hydrogenation is
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Figure 4.4: Depth profile of a ZnO sample hydrogenated at 1000 ◦C. (a) Raman
spectra obtained of the LVM frequency of HBC as a function of y. The bottom and top
spectra were recorded on the front side and the back side of the sample with respect to
the entrance slit of the monochromator, respectively. The spectra are normalized to
the intensity of the A1(TO) phonon and vertically shifted for clarity. (b) Normalized
intensity of the LVM due to HBC. The relative error of the data points is less than
one percent. The sample’s cross-section is subdivided into three areas (A), (B), and
(C) as described in the text.
2.3±2.0 mm, which is in fairly good agreement with the experimental data pre-
sented in Fig. 4.4(b). The activation energy reported in the literature, however,
are in the range of 0.17–0.91 eV [19, 179, 180] The precise value is proposed to
be related to the amount of hydrogen trapping centers in the sample. Hence,
the above-mentioned diﬀusion length is only a lower limit. The decrease of the
concentration in the bulk region (A) can also be caused by a hydrogen sink
that is energetically more favorable than the formation of HBC. Support of
this hypothesis is given in Chap. 6, which focuses on hydrogen molecules as a
reaction product of two HBC impurities.
The reduced HBC concentration directly at the sample surface (C) indicates
an additional hydrogen trap in this region. First, the extent of this reduction
and the intensity of the feature at 283 cm−1 are anticorrelated (see Fig. 4.3)
indicating that the latter could be the missing hydrogen trap. As a second
result, even if the concentration of HBC is reduced at the sample surface, the
E1(LO) phonon line shape and intensity are still disturbed. Hence, HBC is
not the only species that reveals a Fano resonance, but rather the 283-cm−1-
feature does also interact with the E1(LO) phonon mode. This indicates that













































Figure 4.5: Depth profile of a ZnO sample hydrogenated at 1000 ◦C in a mixture
of hydrogen and deuterium. (a) Raman spectra obtained of the LVM frequency of
DBC and HBC as a function of y. The bottom and top spectra were recorded on
the front side and the back side of the sample with respect to the entrance slit of
the monochromator, respectively. The spectra are normalized to the intensity of the
A1(TO) phonon and vertically shifted for clarity. (b) Normalized intensity of the
LVM due to DBC and HBC. The relative error of the data points is less than one
percent.
the latter necessarily exhibits shallow donor or acceptor behavior. These two
ﬁndings support our assignment of the 283 cm−1-line to HO.
The results of an analogous measurement series on the ZnO sample treated in
the isotopic mixture are presented in Fig. 4.5. The diﬀusion proﬁle resembles
the distribution in Fig. 4.4(b), with the diﬀerence that the intensity drop at
the surface is less distinct. This ﬁnding matches the lower intensity of the
283 cm−1-line in this sample (see Fig. 4.3) giving further support of the corre-
lation with hydrogen. The microscopic origin of this feature will be identiﬁed
in Sec. 4.3.
4.2.2.2 Temperature dependence of the HBC LVM The temperature
dependence of the LVM frequency of HBC is presented in Fig. 4.6. As the
temperature rises the line red-shifts and broadens. Such a behavior is often
explained by a dephasing of the LVM due to an anharmonic interaction with
the lattice vibrations whereas the number of the involved phonons play a crucial
role. Harris et al. [181] and Persson and Ryberg [182] consider an interaction
with a single low-energy phonon. Lüpke et al. [183] and Martin et al. [184]












































































Figure 4.6: Temperature dependence of the HBC LVM frequency. (a) Raman spectra
of a ZnO sample hydrogenated at 1000 ◦C recorded at temperatures between 49 and
296 K. (b) The frequency at peak maximum (N) and the FWHM (•) determined from
a Pearson IV fit are plotted over the sample temperature. The values for temperatures
below 50 K originate from previous IR measurements (see Ref. [32]).
developed a theory for more than one exchange mode. The involvement of other
LVMs into the dephasing process was considered by West and Estreicher [185].
The model by McCumber and Sturge [186] and Elliott et al. [187] includes
acoustical rather than optical phonons in the process.
Coupling with only acoustical phonons would not ﬁt our experimental data.
We apply therefore the model proposed by Persson and Ryberg which was
later modiﬁed for the zero-energy contribution [188]. The model takes into
account an interaction between a LVM anharmonically coupled to a single
exchange mode E0 through a parameter δσ. The exchange mode is in turn
anharmonically coupled to the phonon bath through a “friction” parameter η.
Note that this approach is valid only in the limit of δσ/η ≪ 1. The exchange
mode could be a phonon as well as another stretch, wag, or rotational mode of
the defect. The position σ(T ) and the width ∆Γ(T ) of the LVM are expressed
by
σ(T ) = σ0 +
δσ









exp (E0/kBT )− 1
)2
(4.6)
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Within this model the “best-ﬁt” parameters for the HBC LVM using Eq. (4.5)
are
σ0 = 3611.2± 0.4 cm−1,
δσ = −9.4± 1.7 cm−1,
E0 = 51.3± 8.3 cm−1.
The corresponding ﬁtting curve is depicted as solid line in Fig. 4.6(b) and
matches the LVM frequency of HBC reasonably well over the whole temperature
range. Within the error bars the observed exchange mode E0 is slightly below
the values determined from the hydrogen motion in the OH–Li and CuH2
complexes [37, 184].
In order to justify the applicability of the model of Persson and Ryberg an
estimate of the “friction” parameter η is necessary. A reasonable ﬁt of the
line width ∆Γ(T ) using Eq. (4.6) was not possible since the line shape is
strongly asymmetric. However, from the experimentally obtained line width
at low temperatures ∆Γ(T → 0 K) ≈ 0.7 cm−1 and Eq. (4.6) we obtain
that η > 63.1 cm−1 and hence the above-mentioned weak-coupling condition
(|δσ/η| = 0.15± 0.03≪ 1) is well fulﬁlled.
A Pearson IV distribution rather than natural line shape was employed to
present the data in Fig. 4.6(b). Presumably, the asymmetry of the LVM is
caused by the Fano resonance with the energy spectrum of electrons in the
conduction band. Based on this we expect that the peak position plotted in
Fig. 4.6(b) is red-shifted compared to the “pure” LVM. The absolute diﬀerence
between these values ∆σ is proportional to the product of the line width of
the unperturbed LVM and the inverse Fano parameter 1/q [189]. Since the
“pure” LVM is expected to experience at least a thermal broadening, the shift
∆σ increases with temperature. This results in an underestimation of E0 in
our “best-ﬁt” parameters of Eq. (4.5) and accounts for the deviation from the
values reported in Refs. [37, 184]. Note that the line width in the case of
Fano resonance is a combined eﬀect of the “friction” with the lattice as well as
the interaction with the electron continuum, which prevented us from a more
detailed analysis of ∆Γ.
4.3 Identification of the shallow donor transition of
HO
This section focuses on the identiﬁcation of the broad band at 283 cm−1,
which was observed in the high temperature hydrogenated ZnO directly after
the treatment.
Lines close to this value have been assigned in the literature to: (i) the LVM of
the Zni−NO complex [190–195], (ii) silent B modes of ZnO [164–166, 196–198],
and (iii) the 1s→ 2s(2p) donor transition of HO [21, 70–72].
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(i) A line at 275 cm−1 was observed in ZnO thin ﬁlms grown in the presence
of ammonia, whose intensity scales with the concentration of ammonia during
the process. The same line was found in ZnO samples implanted with N+.
An isotopic shift due to isotopically enriched ZnO indicated the involvement
of Zn in the defect and thus prompted the authors to suggest Zni − NO as
origin for that line. The assignment of the 283 cm−1-line to Zni − NO should
be rejected since our samples did not receive a nitrogen treatment. Besides,
the vibrational mode of this nitrogen complex was found to be signiﬁcantly
narrower (about 12 cm−1) and had a frequency of 275 cm−1.
(ii) Wurtzite ZnO belongs to the C46V space group. The nine optical phonons
in the center of the Brillouin zone are transformed as the following irreducible
representation of the C46V point group: A1 + 2B1 + E1 + 2E2 [199]. Of these,
the two B1 modes (Blow1 and B
high
1 ) are silent and cannot be seen in Raman
scattering. But the situation is changed when the translational invariance is
broken as it happens in the case of the temperature induced damage. Table 4.2
summarizes frequencies of the B1 modes reported in the literature. Two fea-
tures at about 270 and 550 cm−1 are supposed to appear as a result of high
temperature treatment. On the other hand, only one mode at around 283 cm−1
occurs in our spectra (see Fig. 4.3) based on which we exclude the silent modes
as an origin for this transition.










(iii) The high temperature treatment leads to a formation of oxygen vacancies
(VO) in the near-surface layer of a sample. The passivation of vacancies with
hydrogen is energetically more favorable than the formation of HBC [29]. Fig-
ure 4.4(b) shows the intensity of the 3611 cm−1 vibrational mode of HBC. It
has a maximum not directly at but close to the surface, which we explain by
the trapping of atomic hydrogen at the oxygen vacancies which are dominant
defects directly at the sample surface. This conclusion is consistent with the
detection of the I4 bound-exciton recombination line related to HO in PL. The
reduction of the LVM intensity of HBC anticorrelates with the intensity line
at 283 cm−1. The formation depth of HO depends on the details of treatment
(temperature, time, ambient) [73]. The net concentration of hydrogen donors
is maximal near the sample surface leading to a signiﬁcant broadening and
ﬁnally to the disappearance of the E1(LO) phonon line.
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Based on these arguments, we assign the broad band at 283 cm−1 to the
electronic 1s→ 2s(2p) transition of HO. The observed blue-shift of this signal
compared to the 1s → 2p donor transition of HO at 265 cm−1, which was
reported previously [21, 70, 71] agrees with the result of the bond-centered
hydrogen (see Sec. 4.2.1) but needs to be analyzed in more detail.
4.3.1 Concentration profile
Figure 4.7(a) presents normalized Raman spectra of the same ZnO sample as
shown in Fig. 4.3(a) but after receiving a subsequent heat treatment at 200 ◦C.
It is known that this procedure eliminates the bond-centered hydrogen features
from the Raman spectra [21]. The annealing at 200 ◦C also enhances the
electronic 1s→ 2s(2p) transition of HO at about 283 cm−1. Furthermore, the
E1(LO) phonon line almost recovers its intensity and shape in the bulk of the
sample since the total concentration of hydrogen-related shallow donors drops
as a result of the annealing. Earlier IR absorption measurements established
a reduction of free carriers by about 80 % after annealing at 200 ◦C [25, 84].
The intensity of HO follows the nonuniform concentration proﬁle of the oxygen
vacancies and has a maximum located at the sample surface. Unexpectedly,
the frequency of the 1s → 2s(2p) line blue-shifts towards the sample surface
as shown in Fig. 4.7(b). From the ﬁgure we obtain a formation depth of HO of
about 280 µm. Herklotz et al. [73] performed a careful study of the formation
of HO in ZnO for hydrogenation temperatures below 755 ◦C. The formation
process is composed of a release and out-diﬀusion of oxygen atoms close to
the surface and a simultaneous diﬀusion of hydrogen atoms. Since theoretical
calculations yield several electron volts for the formation energy of oxygen
vacancies in n-type ZnO [56], but the solubility limit of hydrogen concentration
is 1017 − 1018 cm−3 in the temperature range 700–1000 ◦C [19], the number
of free hydrogen atoms exceeds the amount of oxygen vacancies. Thus the HO
formation is primarily determined by the oxygen diﬀusion. An extrapolation
of the results in Ref. [73] yields a diﬀusion barrier of about EB = 8.29 eV and
a prefactor of D0 = 3.77×1029 cm2/s. From this values the penetration depth
in the present samples would be about 1.4 cm.
In earlier SIMS studies by Tomlins et al. [201] and Matsumoto et al. [202]
on the oxygen diﬀusion in undoped ZnO, the activation energy was found to
range from 2.5 to 4.1 eV. These ﬁndings are in good agreement with theoretical
calculations on semi-isolating ZnO conducted by Janotti and Van de Walle
[56]. The activation energy, however, was found to increase with the position
of the Fermi level within the band gap. In the present study, the high donor
concentration of least 3×1017 cm−3 drives the Fermi level position close to the
conduction band minimum and thus causing the enlargement of the activation
energy. Note that the previous experiments and calculations were performed in
the absence of hydrogen, which would have an impact on the chemical potential
in the material. We take this as an indication that the formation process of
the oxygen vacancies is a function of many parameters, so that the comparison
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Figure 4.7: Depth profiles obtained for a ZnO sample hydrogenated at 1000 ◦C after
the annealing in Ar at 200 ◦C. (a) Raman spectra as a function of y normalized to the
intensity of the A1(TO) phonon intensity. The bottom and top spectra were recorded
on the front side and the back side of the sample with respect to the entrance slit of
the monochromator, respectively. The step size between the spectra is 100 µm. (b)
Position in the spectrum (N) and normalized intensity (•) of the electronic transition
due to HO. The normalized intensity vs. peak position is presented in the inset. The
solid line is a linear fit.
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of the results obtained after annealing in diﬀerent temperature regimes and
atmospheres should be done with some care.
The inset in Fig. 4.7(b) shows the frequency of the electronic transition due
to the HO shallow donor σHO versus its normalized intensity IHO . The linear
dependence can be ﬁtted by
σHO (cm
−1) = (10.9± 0.8)× IHO + (273.2± 0.3). (4.7)
As the concentration goes to zero its frequency approaches the value of 273.2±
0.3 cm−1.
The depth proﬁle of the sample hydrogenated in the mixture of deuterium
and hydrogen after a subsequent annealing at 200 ◦C in Ar atmosphere is
presented in Fig. 4.8. The E1(LO) phonon mode intensity at the surface is
almost the same as in the bulk and thus more strongly recovered as in the
only hydrogenated sample (see Fig. 4.7). This behavior is expected due to
the lower total hydrogen concentration in this sample. The formation depth
below the surface of the electronic transition of DO(HO), however, is the same.
Since the two corresponding bands overlap, one can only determine the total
intensity IDO+HO and the centroid frequency σDO+HO . In analogy to Eq. (4.7)
the relation between these two quantities can be ﬁtted by
σDO+HO (cm
−1) = (6.8± 0.9)× IDO+HO + (273.4± 0.3). (4.8)
Interestingly, the low-concentration frequency limit is the same as in the hy-
drogenated sample. The results indicate that the formation depth and the
frequency limit are independent of the hydrogen isotope and are in fact a
property of the ZnO lattice.
From the depth proﬁle f(y) in Fig. 4.7(b) more information about the con-
centration n(y) of HO can be deduced. The two quantities are linked via a
linear relation that can be expressed by n(y) = P · f(y). From IR measure-



























with the sample thickness d, the HO penetration depth l0 and the normalization
parameters A and B reasonably ﬁts the intensity proﬁle in Fig. 4.7(b). Here
the best-ﬁtting parameters are:
A = 1.135
B = −2.4 · 10−4
l0 = 0.278 mm
d = 2.304 mm
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Figure 4.8: Depth profiles obtained for a ZnO sample hydrogenated at 1000 ◦C in a
mixture of deuterium and hydrogen after the annealing in Ar at 200 ◦C. (a) Raman
spectra as a function of y normalized to the intensity of the A1(TO) phonon intensity.
The bottom and top spectra were recorded on the front side and the back side of the
sample with respect to the entrance slit of the monochromator, respectively. The step
size between the spectra is 100 µm. (b) Position in the spectrum (N) and normalized
intensity (•) of the electronic transition due to DO(HO). The normalized intensity vs.
peak position is presented in the inset. The solid line is a linear fit.
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This ﬁnding allows us to establish the relation concentration proﬁle of HO
n(y) = 3.655 · f(y) · n˜ (4.11)
As a good approximation the average hydrogen concentration before the treat-
ment in Ar equals the concentration of HBC in the sample. This value of
5× 1017 cm−3 (see Tab. 4.1) is an upper limit for the average concentration of
HO, since during the annealing step the diﬀusing hydrogen atoms form several
hydrogen-related defects, e.g. hydrogen-decorated zinc vacancies, hydrogen
molecules (see for instance Chaps. 6 and 7) and partially leaves the sample.
Inserting the ﬁtting parameters into Eq. (4.11) reveals the concentration of
HO: ns ≤ 2.1 × 1018 cm−1 (surface) and nb ≤ 6.6 × 1016 cm−1 (bulk). The
maximum concentration at the sample surface is close to the critical value for
the Mott criterion indicating a donor-donor interaction.
Traeger et al. [203] investigated the distribution of hydrogen in as grown ZnO
sample by nuclear reaction analysis (NRA). These authors determined a larger
hydrogen concentration at the subsurface (0.05 − 0.17 at%) than in the bulk
(0.03 at%) and therefore claimed that the concentration of hydrogen trap-
ping sites increases toward the sample surface. An anticorrelation of HBC
and HO at the sample surface (∼ 7 µm) was previously reported by Herklotz
et al. [73] directly after the hydrogen treatment at 715 ◦C. No absolute con-
centrations were accessible hindering the comparison of HBC and HO. These
ﬁndings together with the results from the NRA, however, indicate that it is
the oxygen vacancy which causes the increase of hydrogen towards the sur-
face. Our ﬁndings are fully consistent with these results. Directly after the
treatment the substitutional and interstitial hydrogen species reveal the known
anticorrelation at the surface with the concentration of HBC at this position of
5× 1017 cm−3. The present annealing study showed that the concentration of
HO at the surface is about 30 times larger than in the bulk with an upper limit
of ns = 2 × 1018 cm−3. Note, this value exceeds the average concentration of
HBC after hydrogenation at 1000 ◦C. However, the mere fact that removing of
one oxygen atom from the lattice creates one additional trapping site for HO,
but eliminates one trapping center for HBC cannot account for the increase
of the hydrogen concentration towards the sample surface. Hence, the results
determined in the present study and previously by using NRA give evidence
that the formation energy of HO is smaller than the one of HBC. This ﬁnding
directly supports recent calculations by Du and Biswas [29], which establish
that the formation energy of HO is 0.1 eV lower than of HBC.
4.3.2 Polarization properties
Polarized Raman spectra in the spectral region of the 1s → 2s(2p) electronic
transition of HO are shown in Fig. 4.9. It can be seen that the intensity of
the HO related electronic transition is non-zero only if the polarizations of the
incident and scattered light are parallel to each other. Note, the negligibly























Figure 4.9: Polarized Raman spectra of the electronic transition due to HO recorded
at the center a ZnO sample for T ≤ 55 K. The feature labeled with (∗) originates
from electronic transition(s) due to shallow aluminum donors [204].
small intensities in the perpendicular conﬁgurations are contribution of a non-
ideal sample alignment. The scattering intensity in Raman measurements is
given by (see Eq. (2.110) in Sec. 2.5.1)
Is =
∣∣∣ei · Rˆ · es∣∣∣2 , (4.12)
where ei and es are the polarization vectors of the incident and scattered light,
respectively and Rˆ is the Raman tensor, which is determined by the symmetry
of the scattering center. As a result of the polarization-dependent measure-
ment, the Raman tensor is a diagonal matrix revealing an A1 symmetry of the
electronic transition. In the C3v point group all irreducible representations can
be expressed as a sum of the representations A1, A2, and E, of which A2 is
Raman inactive (see Tab. 2.7). The 1s→ 2s and 1s→ 2pz transitions belong
to the A1 mode, whereas the 1s → 2px,y transition is represented by the E
mode. According to the experimental results, the latter can be excluded as the
origin of the electronic transition of HO observed in the Raman spectra.
In the literature, shallow donor transitions of HO have been observed in PTIS
and PL. Recent PTIS studies have shown that the 1s→ 2p line of HO is split
into two components with the frequencies of 262 and 267 cm−1 due to the
1s → 2pz and 1s → 2px,y transitions, respectively [21]. The 1s → 2s line
cannot be seen in PTIS, but is detected in PL spectra as a TES transition of
the main no-phonon recombination transition of the bound exciton [70, 71, 73].
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Schildknecht et al. [70] and Herklotz et al. [73] reported for the 1s→ 2p tran-
sition a value of 268.8 ± 0.8 and 268 cm−1, respectively, which matches our
results for the 1s → 2px,y transition from PTIS. Meyer et al. [71], however,
stated that the 1s → 2px,y energy is 275 cm−1. These authors carefully an-
alyzed the inﬂuence of the lattice anisotropy and the polar interaction with
the lattice phonon modes on the electronic transitions of a variety of shallow
donors in ZnO and established the following relations
E1s→2s = 37.14 meV + 0.75×∆Ech1 s, (4.13)
E1s→2px,y = 37.54 meV +∆E
ch
1 s, (4.14)
E1s→2pz = 36.94 meV +∆E
ch
1 s. (4.15)
Here ∆Ech1 s is the chemical shift (see Sec. 2.2.3.2). Inserting the results from
the PTIS measurements in Eqs. (4.13)–(4.15) gives E1s→2s = 272.6 cm−1. A
thorough inspection of the spectra in Fig. 16 of Ref. [71] reveals that the TES
transition of the HO related I4 line is split into three components. The ma-
jor peak and the shoulder at the low-energy side are separated by 268.6 and
275.0 cm−1 from the donor bound exciton recombination due to HO, respec-
tively. These values are in reasonable agreement with the results determined
from PTIS. Hence, the 275 cm−1-line is rather related to the 1s→ 2s than to
the 1s→ 2px,y donor transition of HO.
The 1s → 2s frequency obtained from the PTIS and PL studies is very close
to the value observed in the present Raman studies in the low concentration
limit. Moreover, as shown above, the signal reveals an A1 symmetry. Based
on these ﬁndings, we assign the 273 cm−1-line to the 1s→ 2s transition of HO.
It follows also from Fig. 4.7(b) and Fig. 4.8(b) that the blue-shift of the 1s→ 2s
band correlates with the amount of HO(DO) and/or damages caused by the
heat treatment. This signiﬁcant increase of the shallow donors concentration
towards the sample surface is directly mirrored by the intensity drop of the
E1(LO) phonon induced by the Fano resonance.
Recent NMR investigations have shown that at temperatures above 370 K
interstitial hydrogen becomes trapped at the oxygen vacancy with the energy
gain of 0.51 eV [205], which gives us further support for the assignment of the
273 cm−1-line to the HO donor.
4.4 Interplay between HBC and HO
Figure 4.10 presents Raman spectra obtained in an isochronal annealing study
of the ZnO sample hydrogenated in a mixture of hydrogen and deuterium.
Since the donors were found to be inhomogeneously distributed, the properties
of the bulk and the surface of the sample are considered separately.
In the bulk of the sample (see Fig. 4.10(a)) the annealing at 100 ◦C only slightly
reduces the total bond-centered hydrogen concentration and has less inﬂuence
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Figure 4.10: Raman spectra of an isochronal annealing series of a ZnO sample
treated in a mixture of hydrogen and deuterium recorded in (a) the center and (b)
surface position of the sample. The spectra were recorded at T ≤ 55 K and offset
vertically for clarity .
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on the DBC than on the HBC intensity. This ﬁnding is in accordance with
diﬀerent diﬀusion rates of the hydrogen isotopes proposed by Lavrov et al.
[21]. After annealing at 210 ◦C the HBC (DBC) species disappear, whereas
a small HO (DO) signal emerges. The intensity of the E1(LO) phonon mode
shows a marginal change after annealing at 100 ◦C, but fully recovers after the
200 ◦C step due to the weakening of the Fano interaction with the donor states.
Further annealing at temperatures above 300 ◦C results in a reappearance
of the HBC (DBC) signals. At 650 ◦C the recovery of this species reaches
its turning point, whereat the concentration is only about 6 % of the initial
value. The defect anneals ﬁnally out at 800 ◦C. HO (DO) is not aﬀected by
the treatment steps in the temperature range 300–700 ◦C, but anneals out
together with the bond-centered species at 800 ◦C. An additional feature,
however, appears at 3637 cm−1 after annealing at 300 ◦C. This line red-shifts
during the further annealing steps towards the frequency of the HD molecule
(see Ref. [26]) and vanishes at 700 ◦C. A detailed investigation of properties
due to hydrogen molecules in ZnO is presented in Chap. 6.
At the sample surface (see Fig. 4.10(b)) already the annealing at 100 ◦C yields
a reduction of the bond-centered hydrogen signals and an appearance of the HO
(DO) electronic transition. The annealing at 200 ◦C results in the quenching
of the bond-centered hydrogen signals as it is observed in the bulk, but the
regeneration of the bond-centered species upon further annealing steps is less
distinct. In contrast, the HO (DO) features are much more intense than in the
bulk. Both hydrogen donors anneal out at the same temperature of 800 ◦C
as in the bulk of the sample. Furthermore, the E1(LO) phonon mode is not
completely regenerated after the 200 ◦C step, but after all hydrogen-related
defects have been removed. The HD line shows the same frequency shift as in
the bulk, but exhibits a lower thermal stability.
We explain the annealing behavior as follows: First-principles calculations by
Van de Walle [20] predict that HBC is the ground state of hydrogen in ZnO for
nearly all Fermi levels except those close to the conduction band minimum.
Indeed, during the high temperature treatment at 1000 ◦C of the ZnO sample
in hydrogen atmosphere the Fermi level is pushed deep into the band gap.
This nonequilibrium state is preserved via thermal quenching and according to
theory hydrogen preferentially occupies the interstitial bond-centered site. The
diﬀusion barrier of HBC was estimated by Börrnert et al. [66, 67] to be close to
0.5 eV. This agrees well with theoretical considerations by Wardle et al. [27]
and Bang and Chang [206] as well as with experimental results from an in situ
annealing series of hydrogen implanted ZnO [207]. Hence hydrogen becomes
mobile during the annealing at elevated temperatures and gets trapped by all
available oxygen vacancies forming HO while moving around the crystal. In
addition, other hydrogen traps also become partially ﬁlled.
The reappearance of HBC was reported previously for low temperature hydro-
genated ZnO by Shi et al. [84]. A similar behavior was also observed after
annealing ZnO samples at 400 ◦C for the zinc vacancy decorated with two
hydrogen atoms and a hydrogen-related mode at 3326 cm−1 [25, 31, 32, 38].
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An IR-inactive “hidden hydrogen” species was suggested to be the source. The
annealing temperature of HO determined from PL measurements by Meyer
et al. [71], Shi et al. [84], Strzhemechny et al. [208] is 600 ◦C.
Bang and Chang [206] investigated the diﬀusion and thermal stability of inter-
stitial and substitutional hydrogen in ZnO from ﬁrst principles and by kinetic
Monte-Carlo simulations. For HO they established a diﬀusion barrier of about
1.7 eV, which results in the higher thermal stability compared to HBC. Within
the framework of their model the reappearance of the HBC species is due to
the dissociation of HO at elevated temperatures and capturing of the atomic
hydrogen at the bond-centered position. The theoretical values for the anneal-
ing temperature and reappearance temperature deduced from their model are
slightly below the experimental ones. However, the simulated temperature de-
pendencies of the concentrations of HBC and HO basically ﬁt the observations
of previous IR and PL measurements [71, 84]. Thus, in ZnO hydrogenated at
temperatures below 700 ◦C, where no H2 is formed, the annealing behavior is
fully consistent with the interconversion of HO to HBC. The prolonged stabil-
ity of the substitutional hydrogen in the present study indicates an up to now
unknown hydrogen source.
The high temperature hydrogenation of the ZnO samples results in the for-
mation of the two hydrogen donors in concentrations above 1017 cm−3, which
ensures that at low temperatures the Fermi level is positioned at the bottom
of the conduction band. Under this condition Van de Walle [20] proposes that
hydrogen atoms are converted into hydrogen molecules. The existence of H2
in ZnO was recently demonstrated by Lavrov et al. [26]. Evidence will be
presented in Chap. 6 that the broad feature at 3637 cm−1 appearing at about
300 ◦C is a property of molecular hydrogen. Hence, at this stage all hydrogen
in ZnO exists either as substitutional HO donor species or as electrically in-
active defects, namely H2 or the VZnH2 complex. The lowering of donor-type
defect concentration together with further increase of the annealing tempera-
ture pushes the Fermi level towards the middle of the band gap. This makes
HBC and HO energetically favorable compared to H2 which results in dissocia-
tion of the molecules and thus in the reappearance of HBC and the prolonged
thermal stability of HO.
After annealing at 650–700 ◦C all molecules are completely dissociated. Fur-
ther hydrogen sources might be due to hydrogen decorating the zinc vacancy
or some other hydrogen trapping centers. However, the bond-centered species
reaches its maximum concentration indicating that all hydrogen sources are
petered out. With further increase of the annealing temperature, hydrogen
diﬀuses towards the sample surface and gradually leaves the sample. This con-
tinuous hydrogen ﬂow yields a constant HO intensity until the hydrogen supply
from the bulk is exhausted. Obviously, the apparent annealing temperature
of substitutional hydrogen depends not only on its binding energy but also
on a number of experimental parameters including the fabrication, the sample
handling and the thickness of the sample, which explains the diﬀerences in the
literature of the annealing temperature.
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IR absorption measurements on low temperature hydrogenated ZnO (725 ◦C)
reveal that the free carrier concentration anneal out in two steps. The ﬁrst
drop by 80 % at 150 ◦C is related to the removal of HBC and the second step
completely vanishes the free carriers at 600–650 ◦C in consistence with the
quenching of HO. However, a partial recovery (∼ 15 %) of HBC is observed
after terminating the annealing process at about 400 ◦C by quenching, but not
by slow cooling [25, 84]. The authors argued that during the gradual cooling of
ZnO samples after the crystal growth process or after the 150 ◦C annealing step
liberated hydrogen atoms form electrically neutral H2 molecules. Quenching
the samples results in a freeze out of hydrogen at the interstitial or substitu-
tional lattice position. Within the framework of their model, the molecules are
supposed to dissociate after quenching subsequent to the annealing at 400 ◦C.
The hydrogen atoms would ﬁnally cause the reappearance of HBC. No direct
evidence was presented, since H2 is IR-inactive.
A similar behavior was previously observed for the annealing behavior of the
OH–Li complex in ZnO [34, 209]. For this defect rapid quenching subsequent
to the annealing step results in an annealing temperature of 600 ◦C, whereas
slowly cooling yields an apparent annealing temperature of 1200 ◦C. An ef-
fective recapturing of hydrogen by lithium during the long cool-down was pro-
posed account for this outcome.
In the present study the samples were slowly cooled to room temperature
after each annealing step. According to the model by Shi et al. [84] after
annealing at 400 ◦C the molecule is supposed to dissociate and re-form without
any appearance of HBC. Indeed, the presented experimental results exhibit a
thermal stability of H2 above this temperature. However, additionally the
bond-centered species emerge again, which may at the ﬁrst sight contradict
the earlier ﬁndings. Notice that the cool-down rate after an annealing step
is the most crucial parameter for the population ratio of the hydrogen donors
to the hydrogen molecule. Since those details of the annealing process were
not reported by Shi et al. [25, 84], we tentatively propose that our treatment
(≤ 6 % reappearance of HBC ) yields results in between of theirs (0 − 15 %
reappearance of HBC). Furthermore, in the present study the total amount
of hydrogen is higher than in the work by Shi et al. [25, 84] and hence more
hydrogen is able to be trapped to form hydrogen donors. The slow cooling
ﬁnally results in the persistent stability of H2 beyond 400 ◦C and thus in the
relative maximum intensity of HBC at 650 ◦C instead of 450 ◦C.
Our Raman study presents the ﬁrst direct evidence that it is indeed H2 which
acts as the “hidden hydrogen” source in ZnO.
4.5 Conclusions
The Raman scattering study on hydrogen donors in ZnO reveals the properties
and interplay between bond-centered hydrogen (HBC) and hydrogen trapped
in the oxygen vacancy (HO).
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The 1s→ 2s shallow donor transition of HO is identiﬁed in the Raman spectra.
For the ﬁrst time, this ﬁnding allows the direct tracing of the two donors by
their electronic 1s → 2s(2p) transitions and/or their characteristic LVMs by
only one measurement technique.
Also for the ﬁrst time, a detailed analysis of the spatial distribution of these two
defects in the whole ZnO sample at diﬀerent annealing conditions is reported.
The HO donor is located preferentially at the sample surface (about 280 µm),
where a high oxygen vacancy concentration is generated by thermal treatment
of the sample. The bond-centered species, in contrast, is the predominant
defect in an unperturbed crystal and hence distributed over the entire sample.
An anticorrelation of the two defects is observed at the sample surface. Here
the number of lattice sites for the formation of HBC is reduced due to oxygen
vacancies. This ﬁnding extends the results of a previous PL study [73], which
was able to investigate the donors only within a few microns below the sample
surface. The relative intensities are found to depend strongly on the sample
history.
The depth proﬁles and the annealing behavior exhibit an enhanced total con-
centration of the two hydrogen related donors close to the sample surface. This
feature is mimicked by the partial quenching of the E1(LO) phonon intensity
due to the Fano resonance of this mode and the shallow donor transitions.
The electronic 1s → 2s(2p) donor transitions of HBC and HO were found to
dependent on the hydrogenation process. In the case of HBC an increase of the
hydrogenation temperature results in a blue-shift of the 1s → 2s(2p) in the
entire sample, which we assign to local strain eﬀects of lattice imperfections
introduced via the high temperature hydrogenation. The HO species, however,
reveals a diﬀerent characteristic. Here, we establish that the blue-shift of the
transition energy is directly proportional to its defect concentration.
HBC and HO exhibit diﬀerent thermal stabilities. The annealing temperature
is found to strongly depend on the details of the treatment process. We showed
that molecular hydrogen is an essential part of the interplay of the two donors.
In particular, the liberated bond-centered hydrogen after heat treatment of
ZnO above 200 ◦C preferentially forms hydrogen molecules in the bulk, but
gets trapped by oxygen vacancies at the subsurface region. The molecular
formation, in turn, enhances the apparent stability of the donors.





LVMs are “ﬁngerprints” characterizing the position and local symmetry of light
impurities in the host matrix and the type of interaction with the neighbors.
Thus LVM spectroscopy is an experimental method which provides direct in-
sight into the chemistry of point defects. Fourier transform infrared (FTIR)
absorption spectroscopy has been developed as the most versatile technique for
studying these defects [210]. Nowadays, the theoretical description of point de-
fects allow precise calculations of the corresponding LVM frequencies. Hence,
theory can be veriﬁed by experiment and vice versa.
Recent ﬁrst-principles calculations by Janotti and Van de Walle [22] suggested
that hydrogen substituting for oxygen (HO) in the binary metal oxides ZnO and
MgO binds equally to all metal neighbors by a multicenter bond. The authors
proposed calculated LVM frequencies of HO in ZnO and MgO at 760(50) and
995(50) cm−1, respectively [22]. These values are lower than the LVMs of
1497 and 1490 cm−1 for two-center H-Zn and H-Mg bonds due to the higher
coordination numbers and the larger H-metal-atom distances in the multicenter
conﬁgurations [69]. The concept of multicenter hydrogen bonds was later on
extended to anionic vacancies in SnO2 [211] and InN [212].
IR absorption lines at 1027, 1034, and 1056 cm−1 have been reported in MgO,
whose frequencies match the theoretical predictions for the HO species [213,
214]. The assignment of these modes to the hydrogen substituting for oxygen
is, however, controversial.
The conclusion by Janotti and Van de Walle [22] was challenged by Takenaka
and Singh [23] and, more recently, by Du and Singh [24] who, in the framework
of standard LDA, found that hydrogen trapped in the oxygen vacancies of Zn-
based II-VI semiconductors is stabilized by an ionic bonding rather than by
the multicenter covalent bond. In the case of ZnO, however, Du and Singh
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agree with Janotti and Van de Walle on the fourfold coordination of HO giving
rise to a LVM frequency at 723 cm−1.
Theoretical considerations indicate the general role of multicenter bonds for
hydrogen transport, storage mechanisms and for the inﬂuence on magnetic
properties [215–218]. Thus identiﬁcation of the chemistry of HO in ZnO is
relevant for potential applications.
Experimentally, only shallow donor transitions of substitutional hydrogen in
ZnO were investigated by means of PL and PC studies. It was established that
this species contributes to unintentional n-type conductivity of ZnO grown by
chemical vapor transport [21, 70, 71]. The chemical bonding of this defect was,
however, not addressed in these experimental studies.
The predicted LVM frequency of the complex, however, falls within the strong
two-phonon absorption region of ZnO close to the Reststrahlen band [160],
making IR absorption and thus direct veriﬁcation of the major conclusion of
Janotti and Van de Walle’s theory as well as the assignment of substitutional
hydrogen to HO practically impossible. Raman measurements as a part of the
present investigations on HO (see Chap. 4) suﬀer from insuﬃcient sensitivity
in the relevant spectral region.
This chapter will focus on the detection of the LVM due to HO and is organized
as follows. First, an experimental approach is presented which is suitable for
probing vibrational modes even in highly absorbing regions of the spectrum.
Second, this technique is applied to reveal the vibrational properties of HO
in ZnO. Finally, the obtained results are discussed in the framework of the
“multicenter bond” model proposed by Janotti and Van de Walle.
5.2 Local vibrational mode detection using the pho-
toconductivity technique
In this section an innovative approach for LVM detection is introduced that
beneﬁts from the high sensitivity of the commonly used PC spectroscopy. It
is applicable for defects, which reveal shallow donor/acceptor behavior and a
spatially localized mode.
5.2.1 Novel approach for local vibrational mode detection
Sections 2.2 and 2.5 focused on the interaction of light with the electronic and
vibrational wave function of a defect. In general, the transition rate from an




∣∣∣⟨f | Hˆ1 |i⟩∣∣∣2 ρf (E), (5.1)
where Hˆ1 is the perturbation Hamiltonian of the incident electromagnetic
wave and ρf (E) is the density of ﬁnal states.























































Figure 5.1: Novel approach for LVM detection using the PC technique. Electrons
in the 1s state which are optically excited directly into the conduction band ( )
or to higher states and subsequently ionized thermally (PTIS) ( ) result in a
photocurrent. (a) If a defect exhibits a LVM frequency σ0, which does not couple to
the continuum of the conduction band, a fraction of the incident light with this energy
is absorbed and does not contribute to the photocurrent ( ). (b) The coupling
of the discrete vibrational state to the conduction band states, however, modifies
the final states and results in a Fano resonance [189] close to the LVM frequency σ0
( ).
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In a system that contains both vibrational states and electronic shallow donors
states, an incident photon with the energy E = hcσ0 can excite either the
vibrational system from its ground state (ν = 0) to a discrete state (ν = 1) or
the shallow donor from its ground state 1s into the conduction band continuum.
Without an interaction between the systems (V ′ = 0), the two processes run
in parallel. The direct photoionization of shallow donor electrons results in
the broad band of the photocurrent in PTIS measurements (see Sec. 2.5.3).
The fraction of light that excites the LVM of a defect cannot contribute to
the photocurrent, which manifests itself in a reduced photocurrent at the LVM
frequency σ0 (see Fig. 5.1(a)).
A coupling (V ′ ̸= 0) of the discrete vibrational state ν = 1 with the continuum
of the conduction band, however, aﬀects the wave function of the ﬁnal state
|f⟩ resulting in a Fano resonance [189] (see Fig. 5.1(b)). The corresponding








where σ0 is the LVM frequency, Γ is the line width, and q is called “Fano
parameter”, which determines the line shape. Notice that details of the line
shape and the deviation of the Fano line minimum from the LVM frequency
σ0 is determined only by q and therefore depends on the coupling strength V ′
between the states. Nevertheless, in all cases the LVMs are visible in the PC
spectra.
This method for LVM detection beneﬁts from the remarkable sensitivity of PC
spectroscopy and is thus applicable for defects in small concentrations or with
weak oscillator strength.
5.3 Results
Here the above-mentioned technique is applied to identify the LVM of the
HO-complex.
5.3.1 Isotopic substitution
PC spectra consist of two spectral regimes separated by the Reststrahlen band -
the highly absorbing spectral range between the TO and LO phonon frequency
(see Sec. 2.2.4.1). The region on the low energy side (I) reveals internal elec-
tronic transitions of shallow donors, whereas the region above the Reststrahlen
band (II) corresponds to direct ionization of these donors into the conduction
band.
Figure 5.2 presents PC spectra recorded from a ZnO sample treated in H2 or
D2 gas at 735◦C, whereat Fig. 5.2(a) and (b) display the regions (I) and (II),
respectively. The hydrogenation treatment results in the formation of HO at
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the sample surface, which manifests itself as the 1s→ 2p shallow donor tran-
sition at 265 cm−1 [21, 73] shown in the upper part of Fig. 5.2(a). Beside this
dominating signal a broad band at about 310 cm−1 can be seen, which mainly
consists of the 1s→ 2p electronic transition of the Al, Ga, and interstitial hy-
drogen (HBC) shallow donors [21, 204] and the excitation to higher np states
(n > 2) due to HO. Furthermore, a weak line labeled with (∗) appears in the
spectra at about 190 cm−1. A similar feature has been observed previously and
was assigned to a hydrogen-related donor with an ionization energy of 37 meV
[160]. Therefore, this line will not be considered further on.
Fig. 5.2(b) presents the spectra of the hydrogenated sample which has been
background subtracted using a PC spectrum of a sample where no HO was
incorporated. Notice, in the vicinity of strong two-phonon absorption bands
of ZnO [160] the background subtraction is non-perfect. Independent of the
subtraction procedure two dips at σ1 = 742 and σ2 = 792 cm−1 are always
seen in this diﬀerential spectrum. In contrast, the features marked by an
asterisk are artifacts of the subtraction process and are not defect correlated.
The frequencies σ1,2 are close to the theoretical prediction for the LVMs of
hydrogen substituting for oxygen in ZnO [22, 24].
A similar measurement was conducted after the substitution of H2 with D2.
As can be seen in Fig. 5.2(a), the 1s-to-2p transition of the DO donor does
not shift and occurs at the same frequency of 265 cm−1. This also holds for
the electronic transitions of Al and DBC. The situation is diﬀerent for the σ1,2
absorption lines. These signals are not seen in the spectrum of the deuterium-
treated ZnO.
Electronic transitions only marginally change after the replacement of hydro-
gen with deuterium [21]. To the best of our knowledge a maximum isotope
eﬀect of 0.2 cm−1 was reported earlier for shallow donors in Si [219]. Con-
trary to this, the frequencies of LVMs are inversely proportional to the square
root of the reduced mass of the vibrating species. Hence estimated frequen-
cies of LVMs for the corresponding deuterium complex are 742/
√
2 = 525 and
792/
√
2 = 560 cm−1. These values are found to be positioned within the Rest-
strahlenband of ZnO (379 ≤ σRSB ≤591 cm−1) and hence escape from the
detection of both IR absorption and PC measurements [160].
The appearance of σ1,2 after hydrogen treatment and in conjunction with the
1s → 2p shallow donor of substitutional hydrogen only, prompted us to ten-
tatively assign the two lines to vibrational modes of HO. Further evidence for
this assignment will be given in the following.
5.3.2 Depth profile
The spatial distribution of the defect(s) in the lattice was investigated via an
etching series. In order to do this, PC measurements were performed after
each etching step of a ZnO sample hydrogenated at 735 ◦C in orthophosphoric
acid.






















































Figure 5.2: PC spectra recorded from ZnO samples treated in H2 (top) or D2
(bottom) gas at 735 ◦C. The measurements were conducted at 11–12 K. (a) Internal
electronic transitions of shallow donors. (b) Section of the region of direct ionization
of shallow donors. In (b), the spectra are background corrected to a reference sample
without the HO internal transition. All spectra are vertically shifted for clarity. The
features marked by an ∗ are not related to the defect discussed here.
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In Fig. 5.3 spectra obtained directly after the hydrogen treatment (a) and
after removal of a layer of 3.5 µm from each surface of the sample (b) are
presented. Directly, after the hydrogen treatment both the electronic transition
at 265 cm−1 and the 742 cm−1 mode are seen. The HO-related signals are
strongly reduced after the etching process. In particular, the intensity of the
feature at the electronic transition is at the noise level.
The formation of HO in ZnO arises from the interplay of oxygen out-diﬀusion
and subsequent trapping of interstitial hydrogen at the oxygen vacancies in
the near surface layer. The thickness of the penetrated layer d depends on the
temperature and duration of the treatment [21, 73]. From the results reported
in the literature and with the parameters employed in our experiments (735 ◦C,
1 h) the penetration depth of HO is expected to be d ≈ 0.7 − 0.9 µm. It is
worth mentioning that the literature values were obtained after hydrogenation
for 12 h. Saturation eﬀects may limit the diﬀusion process of oxygen, which
would result in an underestimation of d.
Nevertheless, the disappearance of the σ1 mode is consistent with the known
properties of hydrogen trapped in the oxygen vacancy in ZnO and thus supports
the assignment of the 742 and 792 cm−1 modes to the LVMs of HO.
Note that the concentration of the HO complex in this sample is much weaker
compared to the one presented in Fig. 5.2. This circumstance prevents us from























Figure 5.3: PC spectra obtained at 13 K from a ZnO:H sample hydrogenated at
735 ◦C. Measurements were performed directly after the treatment (a) and after a
removal of about 3.5 µm from each surface of the sample (b). The spectra were offset
vertically for clarity and background corrected to a reference spectrum.
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5.3.3 Polarization properties
Insight into the local symmetry of the complex is given by the polarization
properties of the modes. Figure 5.4 presents polarized PC spectra obtained
from a hydrogenated ZnO sample. The spectra obtained directly after the
hydrogenation at 735 ◦C were background corrected by spectra recorded from
the same sample, but after removal of 18 µm from both sample surfaces. Such
a treatment results in the disappearance of the HO-related lines as it is demon-
strated in the previous section. The measurements reveal that the 742 cm−1
mode is polarized parallel, whereas the one at 792 cm−1 perpendicular to the
c-axis of the crystal. This gives strong evidence that the local crystal sym-
metry of the C3v point group is conserved. A detailed examination will be





















Figure 5.4: Polarized PC spectra taken at 13 K from a ZnO:H sample background
subtracted with a reference sample without HO. The incident light was polarized
perpendicular (top) and parallel (bottom) to the c-axis, respectively.
5.4 Discussion
Here the above-mentioned experimental results on the HO complex will be in-
terpreted in the framework of model calculations. The experimental results
presented in Sec. 5.3 yield two hydrogen-related vibrational modes with speci-
ﬁed polarization. In general, these ﬁnding can be explained by a complex that
contains one or two hydrogen atoms. In the latter conﬁguration the hydrogen
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atoms can be located at distinguishable and indistinguishable bonds, respec-
tively. The observed LVM frequencies, however, signiﬁcantly deviate from the
expected Zn–H modes which supports the idea of a multiple coordination of
one hydrogen atom in the oxygen vacancy [22, 24].
5.4.1 Predictions from group theory
Group theory is a powerful tool that allows to determine the splitting of the
LVMs for a complex in a given local symmetry. Theoretical predictions propose
that hydrogen substituting for the oxygen atom forms four equivalent bonds
with the surrounding Zn atoms in a multicenter conﬁguration. This statement
needs to be veriﬁed.
The non-relaxed structure of the oxygen vacancy reveals C3v symmetry, which
does not change after placing a hydrogen atom at the oxygen site. In this
case the three bonds perpendicular to the c-axis diﬀer from the fourth one.
According to theory, however, HO should form four equivalent bonds. In this
relaxed conﬁguration the complex would exhibit Td symmetry. Table 5.1 shows
the character tables of the C3v and Td point groups together with the reducible
representation of the HO complex in the case of fourfold coordinated hydrogen.
Table 5.1: Character table and reducible representation of the HO complex located
in C3v (a) and Td symmetry (b).
C3v E 2C3 3σv
A1 1 1 1
A2 1 1 -1
E 2 1 0
HO 4 1 2
(a) C3v
Td E 8C3 3C2 6S4 6σd
A1 1 1 1 1 1
A2 1 1 1 -1 -1
E 2 -1 2 0 0
F1 3 0 -1 1 -1
F2 3 0 -1 -1 1
HO 4 1 0 0 2
(b) Td
The irreducible representation for the two conﬁgurations of HO can be easily
deduced from the table:
Γ(HO, C3v) = 2A1 + E and (5.3)
Γ(HO, Td) = A1 + F2, (5.4)
where A1 stands for a non-degenerated and E and F2 for two- and threefold
degenerated vibrational modes, respectively. The reduced symmetry of the
non-relaxed conﬁguration of HO yields the splitting of F2 into A1 and E. Al-
though the outcome of this group theoretical consideration is only qualitative,
it is in agreement with the observation of at least two LVMs. The quantita-
tive analysis of the experimental results given below reveals the nature of one
low-frequency A1 mode below the detection range of our setup.
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5.4.2 Defect structure
The frequencies σi of the LVMs due to HO can be obtained by using the secular
equation in the valence force approximation (see Sec. 2.4.2):
∥∥∥Fˆ Gˆ− σ2Eˆ∥∥∥ = 0, (5.5)
where Fˆ and Gˆ describe the potential and kinetic energy of the complex and
Eˆ is the identity matrix.
A sketch of the HO complex is depicted in Fig. 5.5. The diﬀerent force constants
for the Zn–H bonds aligned parallel (f∥) and perpendicular (f⊥) to the c-axis
account for the potential inequality of the chemical bonds. Since the number
of known experimental parameters is insuﬃcient to solve Eq. (5.5), the angle
∢ Zn-H-Zn is assumed to be the tetrahedral angle φ = 109.47◦ for all bonds.
In the ideal ZnO crystal the Zn–O–Zn angles are 109.1◦ and 109.8◦ depending
on the individual bond orientation [69]. According to theory the angles tend
to coincide [22]. Due to this arguments the error made by the simpliﬁcation








Figure 5.5: Chemical structure of HO in ZnO. The force constants of the Zn–H
bonds parallel and perpendicular to the c-axis are labeled with f∥ and f⊥. The angle
between two bonds is assumed to be the ideal tetrahedral angle φ = 109.47◦. The
internal coordinates of the bonds H–Zn(i) (i = 1, 2, 3, 4) are labeled with ri.
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
 , (5.7)
where 1/µ = 1/mZn+1/mH with mH = 1 u, mZn = 65 u and the other param-
eters as described above. After substituting the diagonal and oﬀ-diagonal Gˆ
components with a and b, respectively, and introducing the force constant ratio











− r(a2 + 2ab− 3b2)


σ2E =f⊥(a− b) (5.8)
The value of r should not deviate signiﬁcantly from 1, as it is expected from
the splitting of the TO- and LO-phonons in the unperturbed ZnO crystal.
The eigenfrequencies as a function of the force constant ratio r are presented
in Fig. 5.6. As one can see, the HO complex should reveal three LVMs,
whereas the twofold degenerated σE and the non-degenerated σ′′A1 are high-
energy modes and σ′A1 is a low-energy mode. In the case of four equivalent
Zn–H bonds (r = 1), however, the high-energy modes are threefold degener-
ated. These ﬁndings match the predictions determined from group theory (see
Sec. 5.4.1).
Furthermore, the low-energy mode is separated from the high-energy modes by
a factor of about 10 in the vicinity of r = 1. Consequently the experimentally
detected 742 and 792 cm−1-lines belong to the two high-frequency species
eliminating the model of four indistinguishable hydrogen-bonds proposed by
Janotti and Van de Walle [22].
The ﬁtting routine reveals the eigenvectors vj corresponding to σj of Eq. (5.5)
as a function of the internal coordinates of the complex ri (i = 1, ..., 4):
σ′A1 = 83 cm
−1 : v′A1 = −0.571r1 −0.476r2 −0.476r3 −0.476r4
σ′′A1 = 742 cm
−1 : v′′A1 = 0.866r1 −0.289r2 −0.289r3 −0.289r4
σE = 792 cm
−1 : vE = 0r1 −0.577r2 +0.789r3 −0.211r4
vE = 0r1 −0.577r2 −0.211r3 +0.789r4.
(5.9)
The internal bond coordinates can be transformed in a proper Cartesian coor-


















Figure 5.6: Dependence of the LVM frequencies σ of HO on the force constant ratio
r. The frequencies are given in units of
√
f⊥(a− b) with the parameters a and b as
defined in the text. In the case of four equal bonds (r = 1) the high-energy mode is
threefold degenerated. The frequencies between the low-energy (σ′A1) and high-energy
(σ′′A1 , σE) modes deviate by a factor of 7–12 over a wide range of r.




























This description accounts for the assumption of φ = 109.47◦. Substituting
Eq. (5.10) in Eq. (5.9) yields the eigenvectors of the LVMs in terms of the























with n1 and n2 being arbitrary numbers. Since the dipole moment of the
LVMs σj is proportional to vj , the polarization properties of the LVM are de-
termined by the product of the polarization vector of the incident light ek and
vj . Hence, σ′A1 and σ
′′
A1
are aligned perpendicular to the c-axis, whereas the
twofold degenerated σE is aligned parallel to this axis. The isotopic substitu-
tion of hydrogen with deuterium in the Gˆmatrix (see Eq. (5.7)) strongly aﬀects





indicates that the mode σ′A1 at 83 cm
−1 is a breathing mode which basically
does not involve the motion of hydrogen but of the nearest Zn neighbors only.
The results of the ﬁt and the group theoretical consideration summarized in
Table 5.2 suggest that the modes at 83 and 742 cm−1 should be associated
with the non-degenerated mode A1, whereas the one at 792 cm−1 transforms
as the double degenerated mode E of the C3v point group. The corresponding
deuterium modes reveal LVMs frequencies at 528 and 563 cm−1, which are
positioned in the Reststrahlen band and thus are not detectable. Additionally,
the mode at 83 cm−1 falls beyond the detection limit of our setup at 100 cm−1.
The polarization properties deduced from our model match the experimental
results which gives further support that the valence force approximation is
applicable to describe the HO complex.
Table 5.2: Best-fit parameters of Eq. (5.8) for the LVMs of HO. The expected LVMs
of DO are presented in parenthesis, which prove their position in the Reststrahlen
band. The model is applicable for the description the experimental results due to
HO. Our results are in agreement with theoretical predictions.
Mode σ (cm−1) Polarization
exp. model theory exp. model
HO HO DO HO
A1 - 83 83 - - ∥ c
A1 742 742 528 760± 50 ∥ c ∥ c
E 792 792 563 760± 50 ⊥ c ⊥ c
f∥ = 23.11 N/m f⊥ = 27.62 N/m
These results can be interpreted on the basis of the universal empirical relation
between the interatomic distance l and the vibrational frequencies σ of diatomic
molecules obtained by Morse [141]
l3σ = const. (5.12)
In consideration of the known parameters of the Zn–H molecule (lZnH =
1.595 Å, σZnH = 1497 cm−1 [69]) and the weighted average frequency of HO
((742+2×792)/3 = 77513 cm−1) we conclude that the mean distance between
hydrogen and the neighboring Zn atoms in the HO defect equals 1.99 Å. This
is very close to the average Zn–O bond length in ZnO [69]) and agrees with
the theoretical value l = 2.00 Å as reported by Du and Singh [24].
By taking into account that σ ∝ √f , Eq. (5.12) can be modiﬁed in order
to estimate the diﬀerence between the Zn–H bond lengths parallel l∥Zn−H and
perpendicular l⊥Zn−H to the c-axis. With the ﬁtting values of f∥ and f⊥ (see
Table 5.2) we ﬁnd that l∥Zn−H is 3 % longer than l
⊥
Zn−H. This results is close
to the value (1 %) of the perfect ZnO lattice (l∥Zn−O = 1.988 Å and l
⊥
Zn−O =
1.974 Å). The deviation indicates a local lattice relaxation including the nearest
Zn neighbor atoms.
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At this point we comment on the charge state of HO. Since the PC technique
is based on the excitation of the donor electron into the conduction band, only
the neutral charge state of the HO shallow donor can give rise to the 742- and
792-cm−1 dips in the spectra. At room temperature the ionization energy of
47 meV ensures that the complex is in the positive charge state, which should
inﬂuence the LVMs frequencies. Such a property was previously established in
several semiconductors [38, 220, 221]. The wave function of the shallow donor
electron, however, is only weakly localized at the core of its host atom, which
leads us to the suggestion that the LVMs of H+O and H
0
O are close to each other
and not distinguishable with our spectrometer. In TiO2 a LVM assigned to a
hydrogen shallow donor exhibits a frequency splitting of about 1 cm−1 in the
two charge states [222], which is in support of our statement.
5.5 Conclusions
In this chapter, we presented a sensitive PC technique for probing LVMs in
highly absorbing regions of the spectrum. Moreover, this experimental ap-
proach is also applicable for spectroscopic investigation of thin ﬁlm materials.
With this beneﬁts the innovative method overcomes the drawback of spectral
limitations and the need for bulk material of standard IR absorption spec-
troscopy.
This technique was implemented to investigate and identify LVMs of hydrogen
substituting for oxygen (HO) in ZnO. This defect reveals two LVMs at 742 and
792 cm−1 in the neutral charge state, which are transformed as the A1 and
E representations of the C3v point group, respectively. These experimental
results conﬁrmed the theoretical prediction by Janotti and Van de Walle [22]
as well as Du and Singh [24] that hydrogen trapped in the oxygen vacancy is
fourfold coordinated. However, our ﬁndings evinced that the local C3v symme-
try is conserved and thus the suggestion of four indistinguishable Zn–H bonds
is refuted.
The detection of the LVM unambiguously identiﬁed the HO complex in ZnO.
The two hydrogen-related shallow donors HBC and HO are of diﬀerent chemical
nature, but exhibit similar electrical properties. This ﬁnding can be used as a
benchmark for interstitial and substitutional hydrogen in other semiconducting
oxides, e.g. SnO2, TiO2 and InO2.
It would also be conceivable to apply the novel technique to verify the hypoth-




The hydrogen molecule is a fascinating system that reveals direct insight and
understanding of the quantum mechanics of vibrational and rotational proper-
ties. When H2 is positioned in a host material, e.g. in a crystal, some of these
properties are aﬀected, which is a measure for the interaction of both systems.
Since its stability has been predicted theoretically in the beginning of the
1980s [223, 224], experimental evidence of hydrogen molecules was found in
group IV [225–227] and III–V [228] semiconductors. An experimentally ob-
served decrease of the LVM frequency compared to gaseous H2 is explained
by the weakening of the hydrogen bond due to the screening by the electron
density from the surrounding host atoms [229]. In Si, interaction with the host
and/or trapping centers also results in an ortho-para conversion of H2, which
was found to strongly depend on the nature of the defect complex [230–234]. So
far, an unambiguous mechanism explaining the nuclear spin ﬂip of H2 in Si has
not been proposed [230, 232]. For other semiconductors ortho-para conversion
has not been reported.
ZnO was the ﬁrst II–VI semiconductor in which hydrogen molecules were pro-
posed to be stable from ﬁrst-principles calculations [20]. By means of IR
absorption experiments Shi et al. [25] established that some hydrogen in the
crystal may exist in a “hidden” form, i.e., be electrically neutral and invisible
for IR absorption. The authors speculated about H2 as a potential candidate
for this species. Recently, H2 and its spins isomers were identiﬁed via detection
of the LVMs using Raman spectroscopy [26].
An experimental investigation focusing on the issues related to the formation,
stability, position in the lattice of hydrogen dimers in ZnO, and evaluation of
“hidden hydrogen” has not been addressed until now. As it is demonstrated in
Chap. 4, the hydrogen molecule plays a crucial role for the formation of the
hydrogen shallow donors, namely interstitial (HBC) and substitutional (HO)
hydrogen hydrogen. The unveiling of the puzzling interaction of hydrogen-
related defects in ZnO is a necessity for the understanding of the natural n-
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type conductivity and thus gives a strong impetus for a careful analysis of the
molecular hydrogen species.
In this chapter, we present the results of a Raman scattering study of H2 in
ZnO. We discuss the formation process, the thermal stability, the interplay
with the lattice phonons, the interaction with other hydrogen-related defects,
the position in the host lattice, as well as the ortho-para conversion.
6.2 Formation process
The identiﬁcation of H2 and its isotopes was previously only conducted on
ZnO samples hydrogenated at TH = 1000 ◦C and subsequently annealed at
Tanneal = 550
◦C [26]. Until now, no other treatment suitable for the creation of
molecular hydrogen was reported. In order to investigate the formation process
of H2 in more detail, one has the possibility to modify the hydrogenation
temperature TH and/or the annealing temperature Tanneal. This section is
dedicated to the inﬂuence of the former parameter TH, while Sec. 6.3 presents
the Tanneal dependence.
For this purpose, a ZnO sample was hydrogenated at TH = 800 ◦C and sub-
sequently annealed at Tanneal = 500 ◦C for 1 h in Ar. This procedure was
repeated with the same sample for TH = 900 ◦C and TH = 1000 ◦C. Raman
spectra of this sample recorded after each individual processing step with the
excitation laser focused in the center of the sample are presented in Fig. 6.1.
The hydrogenation results in the formation of HBC, which reveals the 1s →
2s(2p) shallow donor transition at ∼ 330 cm−1 and the LVM at 3611 cm−1.
Furthermore the E1(LO) phonon line is quenched due to the Fano resonance
with the energy spectrum of the electronic state in the conduction band [21].
The blue-shift of the 1s → 2s(2p) transition energy by about 10 cm−1 is
assigned to local lattice strain induced during the hydrogenation process as
presented in Chap. 4.
Subsequent annealing at Tanneal = 500 ◦C eliminates the HBC-related signals
and completely recovers the E1(LO) phonon line, since the concentration of
shallow donors is signiﬁcantly reduced. The amount of oxygen vacancies in the
bulk of the sample is marginal compared to that at the sample surface (see
Chap. 4). For this reason, the 1s→ 2s transition of the hydrogen substituting
for oxygen shallow donor HO at around 273 cm−1 is too weak to be detected
in our spectra.
Furthermore, this annealing step results in the appearance of a broad band
close to the LVMs of gaseous H2. With increasing hydrogenation temperature,
(a) to (d), the peak intensity of this signal grows, the line narrows, and the
frequency decreases approaching the value of 4145 cm−1 reported previously
for H2 in ZnO by Lavrov et al. [26]. The continuous change of the properties
clearly demonstrates that the hydrogen molecule accounting for the broad band
is somehow aﬀected.
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Figure 6.1: Raman spectra (T ≤ 55 K) obtained for an as grown (a) and hydro-
genated ZnO crystal with the hydrogenation temperatures TH of 800 ◦C (b), 900 ◦C
(c); and 1000 ◦C (d). The upper curves correspond to the as treated sample, whereas
the lower ones were obtained after subsequent annealing in Ar at Tanneal = 500 ◦C
for 1 h.
These observations are in support of an earlier suggestion by Herklotz et al.
[38] that the molecule is formed via trapping of mobile hydrogen atoms, which




− ⇋ H2. (6.1)
The total intensity of the HBC-related signals in the sample hydrogenated at
TH = 1000
◦C is somewhat less compared to those treated at TH = 800 ◦C and
TH = 900
◦C. The solubility limit of hydrogen, however, quadruples as the tem-
perature TH enhances from 800 to 1000 ◦C [19]. This is in good agreement with
the intensity ratio 4.6 ± 0.8 of the H2-related signals in (b) and (d). We take
this as an indication that the high temperature treatment at TH = 1000 ◦C
creates additional traps for hydrogen, e.g. zinc and/or oxygen vacancy ag-
glomerates, which decreases the amount of interstitial hydrogen. Annealing at
Tanneal = 500
◦C liberates hydrogen from these traps, thus enhancing the con-
centration of H2. Our ﬁndings on the inﬂuence of high temperature treatments
at TH = 1000 ◦C on the HBC and HO shallow donor transitions (see Chap. 4)
support the concept of hydrogenation induced lattice damage.
The red-shift of the LVM frequencies due to the molecule with increasing hy-
drogenation temperature (see Fig. 6.1 (b)–(d)) indicates a signiﬁcant depen-
dence of the amount of lattice damage on the temperatures of the two-step
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“hydrogenation-annealing” treatment. However, lattice distortions are not the
only issue that can aﬀect the vibrational properties of H2. A clustering of
H2 molecules may also cause this property as will be discussed below in more
detail.
The coupling of the E1(LO) phonon and the plasmon vibrations mediated
by Coulomb interaction leads to a frequency shift and line broadening of
the E1(LO)-like phonon-plasmon proportional to the free carrier concentra-
tion [130, 235]. After hydrogenation of the sample at TH = 800 ◦C, the
E1(LO) mode observed at room temperature strongly broadens. The ob-
served blue-shift of 12 ± 4 cm−1 corresponds to a free carrier concentration
of (3.4± 1.1)× 1017 cm−3. Since the line shape is additionally aﬀected by the
Fano resonance, this value is only a rough estimation. At elevated hydrogena-
tion temperatures the line intensity drops below the detection limit of our setup
preventing us from a direct veriﬁcation of the correlation between the free car-
riers and the LVM intensity of HBC. In Chap. 4, however, we have established
that the HBC concentration after hydrogenation at TH = 1000 ◦C is about
5 × 1017 cm−3. From the comparison of the LVM intensities in Fig. 6.1, the
HBC concentration after the TH = 800 ◦C treatment is about 4.2× 1017 cm−3.
This value agrees well with the free carrier concentration and gives further evi-
dence that HBC is the predominant shallow donor directly after the treatment.
After annealing in Ar the majority of HBC in the bulk is converted into H2 via
the reaction in Eq. (6.1) indicating an H2 concentration of the same order of
magnitude.
6.3 Thermal stability
This section deals with the investigation of the inﬂuence of the annealing tem-
perature Tanneal on the molecular hydrogen species.
6.3.1 Isochronal annealing
Figures 6.2 and 6.3 present Raman spectra of an isochronal annealing series of
three ZnO samples which were treated in H2, D2 and a mixture of D2 and H2
at TH = 1000 ◦C, respectively. In order to take into account inhomogeneous
hydrogen distributions in the samples, spectra were recorded with the laser
focused in the center of the sample (top in the ﬁgure) and from a scattering
volume close to the sample surface as well (bottom in the ﬁgure).
The behavior of the hydrogen-related defects, e.g. HBC and HO, for annealing
temperatures Tanneal ≤ 200 ◦C is discussed in detail in Chap. 4. No LVMs due
to hydrogen molecule are detected for these annealing temperatures.
6.3.1.1 H2 After annealing of ZnO:H at Tanneal = 200 ◦C a weak and broad
feature at 4175 cm−1 appears in the bulk of the sample (see Fig. 6.2(a)). This























































































































































































































Figure 6.2: Isochronal annealing series of a ZnO sample hydrogenated (left) and
deuterated (right) at TH = 1000 ◦C. The Raman spectra (T ≤ 55 K) were recorded
from the bulk (top) and near the sample surface (bottom). The spectra are vertically
offset with a constant spacing. Some spectra are scaled by the depicted factors for
the sake of clarity.































































































































Figure 6.3: Isochronal annealing series of a hydrogenated and deuterated ZnO sam-
ple (TH = 1000 ◦C). The Raman spectra (T ≤ 55 K) were recorded from the bulk
(top) and near the sample surface (bottom). The spectra are vertically offset with
a constant spacing. Some spectra are scaled by the depicted factors for the sake of
clarity.
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signal experiences a signiﬁcant narrowing and red-shifts by 8 cm−1 after an-
nealing at Tanneal = 300 ◦C. Note that these values are above the frequency of
free H2 at 4161 cm−1 [83] indicating a perturbation of the vibrational potential
at this stage. With increasing temperature, the band continuously red-shifts
and narrows until its frequency approaches 4145 cm−1 for Tanneal = 500 ◦C and
reveals the two components due to o- and p-H2. This “steady state” frequencies
are in accordance with the ﬁnding by Lavrov et al. [26]. Thus, the feature is
indeed related to H2. At Tanneal = 650 ◦C the molecule starts to dissociate with
HBC being the end-product. After annealing the sample at Tanneal = 700 ◦C
the H2-related signals are quenched.
Fig. 6.2(b) shows the results of the identical annealing series conducted at the
surface of the same sample. The behavior of H2 is basically the same as in the
bulk except the fact that the signal disappears already at Tanneal = 600 ◦C. In
contrast, no spectroscopic features due to HBC were detected for the annealing
temperatures Tanneal ≥ 200 ◦C. We demonstrated in Chap. 4 that hydrogen
instead is trapped by the oxygen vacancies generated at the sample surface
by high temperature treatment resulting in the formation of the HO shallow
donor.
The formation of H2 at Tanneal = 300 ◦C agrees with earlier IR absorption in-
vestigations by Shi et al. [25, 84] and with recent Hall measurements on ZnO:Al
and Zn1−xMgxO:Al ﬁlms by Bikowski and Ellmer [236]. Additionally, the ap-
pearance of H2 directly after the quenching of HBC gives further support of
reaction (6.1). However, the thermal stability is higher than expected from the
experimental results by Shi et al. [84] and also from ﬁrst-principles calculations
by Du and Biswas [29]. The reason for this deviation is that the interaction
of liberated hydrogen with hydrogen-trapping centers is highly sensitive to the
sample cooling rate as discussed in Chap. 4.
Note that both, increasing the annealing temperature Tanneal or the hydro-
genation temperature TH, yield a red-shift of the LVM frequencies due to H2.
Under the assumption that the high temperature hydrogenation disturbs the
local environment of H2 and the subsequent treatment in Ar anneals out these
perturbations, one would expect an opposite eﬀect. Thus, this simple model
cannot solely explain the behavior found experimentally.
6.3.1.2 D2 The results of a similar measurement series obtained for the
ZnO:D sample are presented in Figs. 6.2(c) and (d). Isotopic substitution of
hydrogen with deuterium practically does not change frequencies of electronic
transitions, whereas LVMs red-shift by a factor of about 1/
√
2.
Indeed, annealing at Tanneal = 300 ◦C yields a broad feature at 3010 cm−1
due to D2. The anharmonic contribution to the vibrational potential is re-
sponsible for the deviation from the square-root dependence. The annealing
behavior is basically the same as in the case of hydrogen. With respect to the
thermal stability, however, the deuterium-related defects anneal out at higher
temperatures as compared to hydrogen. We explain this ﬁnding by the s
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mobility of deuterium compared to hydrogen resulting from its heavier mass
and smaller zero-point energy [21].
6.3.1.3 HD The results obtained for the ZnO:H:D sample are presented
in Figs. 6.3(a) and (b). In addition to the hydrogen and deuterium lines
discussed above (HBC, DBC, H2, and D2), a LVM of the HD molecule appears
at 3637 cm−1 after annealing the sample at Tanneal = 210 ◦C. The line position
stabilizes at 3628 cm−1 for annealing temperatures exceeding Tanneal = 500 ◦C
and anneals out at about Tanneal = 650 ◦C. The thermal stability of HD is
in-between H2 and D2 in accordance with the above-mentioned arguments of
diﬀerent mobilities and zero-point energies of the hydrogen isotopes.
6.3.1.4 Isotopes and differences in sample position For all isotopic
combinations, the ﬁnal LVM frequencies of the hydrogen molecules match the
values that have been reported previously [26]. The ortho-para splitting ∆op
is proportional to µ−3/2 (see Eq. (2.63)), which leads to 2.8 cm−1 for the
separation between Q(1) and Q(0) for D2. Due to the limited resolution of our
setup (∆σ ≥ 2.5 cm−1) we were not able to observe the ortho-para splitting of
D2.
Hydrogen molecules located at the sample surface anneal out at lower tem-
peratures compared to those in the bulk. We explain this behavior as follows:
At elevated temperatures H2 partially dissociates into atomic hydrogen which
diﬀuse towards the surface of the sample. On its way it can easily be trapped
at interstitial and substitutional lattice sites. The reappearance of the HBC
(DBC) signal already after annealing at Tanneal = 450 ◦C in the bulk sup-
ports our suggestion. A similar behavior was observed after annealing ZnO
samples at Tanneal = 400 ◦C for the zinc vacancy decorated with two hydro-
gen atoms [25, 31, 32, 38]. At the surface, however, interstitial hydrogen either
outdiﬀuses or gets trapped by the subsurface oxygen vacancies thus accounting
for the missing HBC in the Raman spectra (see Chap. 4).
Interestingly, isochronal annealing series also show that not only the intensities
of the Raman lines due to the molecular hydrogen depend on the annealing
temperature Tanneal but also the frequencies of the corresponding LVMs. We
take this as an indication that the apparent properties of the molecule are
aﬀected by some other, not yet identiﬁed defect(s) introduced into ZnO samples
via the process of high temperature hydrogenation.
6.3.1.5 Vibrational potential In order to get insight into the eﬀect of the
annealing temperature on the lattice potential, we consider the LVM frequency
shift in more detail. As presented in Sec. 2.3, molecular vibrations can be well
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where De is the dissociation energy, α deﬁnes the anharmonicity and potential
width, and r0 is the equilibrium distance between the hydrogen nuclei. The














+ Ero(J) + Erovib(ν, J),
where ωe is the harmonic frequency and χe stands for the anharmonicity. An
overview of the relation between the Morse potential parameters (De, α, r0)
and the Q(J) mode parameters (ωe, χe) is given in Eqs. (2.62) and (2.63).
The ortho-para splitting ∆op caused by the ro-vibrational coupling depends
on the interatomic distance in the molecule. Ab initio calculations revealed
a linear relation between the force constant k and the interatomic distance
r0 in semiconductors [229]. From the experimental values of gaseous H2 and
interstitial H2 in Si as well as the relation k = µω2e we determine
r0(Å) = −0.007548 k(eV/Å2) + 1.013531. (6.4)
The results for the diﬀerent steps of the isochronal annealing series of the
deuterated/hydrogenated ZnO sample are summarized in Tab. 6.1. Some val-
ues known from the literature for other hosts are listed below for compari-
son [83, 237–239].
With increasing annealing temperature the dissociation energy D0 slightly de-
creases, whereas the parameter α marginally increases. The interatomic dis-
tance remains almost constant during the annealing procedure. This ﬁnding
indicates that the frequency shift is mainly caused by a change of the dissoci-
ation energy.
All values, except χe, are in reasonable agreement with that of gaseous H2
and H2 trapped in Si platelets, which indicates that the Morse potential can
explain the vibrational properties of H2 in ZnO reasonably well. The anhar-
monicity parameter χe deviates from that of the gaseous species by about
5–8 %, which accounts for the frequency shift of the Q(J)-modes above the
gas-phase value at 4161 cm−1. The calculated ortho-para splitting ∆op diﬀers
from the experimental observation by a factor of 1.7–2.
The results of this analysis, however, support the model of H2 as a freely
rotating molecule in ZnO.
6.3.2 Isothermal annealing
The ﬁndings of the isochronal annealing series indicate a complex dependence
of the vibrational properties of H2 on the thermal treatment. In order to sep-
arate the eﬀect of thermal stability of H2 from the inﬂuence of lattice damage
an isothermal annealing series was performed.
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Table 6.1: Ro-vibrational properties and lattice potential of H2 in the isochronal
annealing series.
Experimental data
Tanneal Q(0)D2 Q(0)HD Q(0)H2 Q(1)H2◦C cm−1 cm−1 cm−1 cm−1
300 2996.5 3637.7 4169.3 4161.6
400 2992.1 3631.5 4161.9 4155.0
450 2989.6 3628.5 4157.6 4150.5
500 2989.0 3627.5 4157.1 4149.6
550 2989.3 3627.7 4157.9 4150.0
600 2989.6 3628.1 4158.1 4150.7
Best-fit parameters using the Morse-potential
Tanneal ωe χeωe k D0 α r0 ∆op(Calc.)
◦C cm−1 cm−1 eV/Å2 eV 108 cm−1 Å cm−1
300 4403 117 36.0 5.1 1.87 0.742 3.9
400 4401 120 35.9 5.0 1.89 0.742 4.1
450 4398 120 35.8 5.0 1.89 0.743 4.1
500 4398 121 35.9 5.0 1.90 0.743 4.1
550 4399 122 35.9 4.9 1.91 0.743 4.2
600 4400 121 35.9 4.9 1.90 0.743 4.2
(H2)gas 4413 127 36.1 4.8 1.95 0.741 4.5
(H2)
plat
Si 4406 124 36.0 4.8 1.93 0.742 4.3
(H2)intSi 4015 194 29.9 2.6 2.41 0.788 7.8
Fig. 6.4(a) presents Raman spectra recorded from a ZnO sample hydrogenated
at TH = 1000 ◦C and subsequently annealed at Tanneal = 300 ◦C for several
periods of time. As the annealing time grows the LVM frequency of the H2
molecule red-shifts and saturates at about 4155 cm−1 after 41 hours total
annealing time. The LVM frequency of the Q(1) mode as a function of the
annealing time is presented in Fig. 6.4(b).
In the following, two plausible reasons for this dependence will be discussed:
(i) lattice imperfections, and (ii) H2 agglomerates/clusters.
(i) As it is suggested in the previous section, lattice imperfections or defects
aﬀect the LVMs of the molecular hydrogen species. Assuming that the con-
centration N of the defects anneals by a simple exponential decay
dN
dt






the concentration is given by








Here N0 is the initial defect concentration, ν0 is the attempt frequency which
















































Figure 6.4: Isothermal annealing series of H2 in ZnO performed at Tanneal = 300 ◦C.
(a) Raman spectra (T ≤ 55 K) of a ZnO sample hydrogenated at TH = 1000 ◦C. (b)
The LVM frequency of H2 as a function of annealing time.
typically equals the TO phonon frequency of ZnO (1.17×1013 s−1), and ∆Ea is
the activation energy of the annealing process. Within this model one assumes
that the frequency shift is proportional to the defect concentration N and thus
one obtain








with σ0 and σ∞ being the LVM frequencies in the limits of zero and inﬁnite
annealing time. The solid line in Fig. 6.4(b) shows the best-ﬁt curve for T =
300 ◦C with ∆Ea = 2 eV and σ∞ = 4155 ± 1 cm−1. Note that due to the
logarithmic dependence of ∆Ea from ν0 (∆Ea = kT ln (ν0/ν)) the activation
energy is rather insensitive to the variations of ν0. For instance, a deviation
by two orders of magnitude results only in a 10 % change of ∆Ea. The value
of σ∞ still deviates by about 10 cm−1 from the vibrational mode of o-H2 after
one hour anneal at Tanneal = 500 ◦C. A possible reason for this could be the
presence of other defects with diﬀerent activation energies.
The missing ortho-para splitting of the Q(1) mode (see Fig. 6.4) may also
indicate the presence of other defects. In addition to the shift of the LVM,
its perturbation may break up the spherical symmetry of the molecular po-
tential and split the J = 1 state resulting in similar frequencies for Q(1) and
Q(0) [240].
(ii) Another possibility is that the hydrogen molecules are formed at preferen-
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tial lattice sites and lattice imperfections or otherwise build H2 clusters, e.g.
in voids. The overlap of the individual wave functions inﬂuences the local
screening of the electron density at the site of the molecules and thus aﬀect
the ro-vibrational properties. Within this model the molecules leave the de-
fect complexes during the annealing process and diﬀuse, until an equilibrium
distribution is reached.
In both cases H2 is still in a non-equilibrium state after the annealing proce-
dure. The perturbation hinders the molecule from its property of a free rotor
in the meaning of quantum mechanics preventing a ortho-para splitting
6.4 Temperature dependence of the Raman signals
Figure 6.5(a) shows temperature-dependent Raman spectra of H2 recorded
from a ZnO sample hydrogenated at TH = 1000 ◦C and subsequently annealed
at Tanneal = 450 ◦C. As presented in the previous section, this treatment
ensures that the H2 is in the “relaxed” conﬁguration. The local temperature
in the excitation volume was determined from the intensity ratio of the Stokes
to anti-Stokes lines of the lattice phonons (see Eq. (2.121).
Due to the weak intensity of the anti-Stokes component, the lowest temperature
that could be determined in this way was 53 K. The Q(1) and Q(0) modes of o-
and p-H2 are clearly seen in the spectra at low temperatures. With increasing
temperature the lines blue-shift and broaden. Additionally, the Q(0) mode
becomes weaker, whereas the Q(1) mode remains unchanged. The intensity
ratio I1/I0 of the two modes is presented in Fig. 6.5(b).
The temperature-dependent intensity ratio I1/I0 of homonuclear hydrogen
molecules is described by Eq. (2.76). The dotted line in Fig. 6.5 shows
the ratio of I1/I0 for gaseous H2 with the value of the degeneration ratios
gJ1(0) = gJ/g1(0) and energy separations EJ1(0) = EJ − E1(0) reported in the
literature [83]. The prefactor nop = 3 accounts for the degeneracies of the I = 1
and I = 0 nuclear spin states due to o- and p-H2, respectively. For gaseous H2
this value does not change due to a negligible ortho-para conversion rate [145].
As the temperature rises, the J = 2 rotational state becomes populated at the
expense of the J = 0 state of p-H2 resulting in the enhancement of I1/I0. The
intensity of the J = 1 state does not change noticeably in this temperature
range due to the larger value of E31 (587 cm−1) compared to E20 (354 cm−1).
The temperature behavior of the gaseous H2 serves as a benchmark for com-
parison with H2 in ZnO. For this purpose, the temperature scale is separated
into three domains labeled (TI), (TII), and (TIII).
In the low temperature range (TI) the intensity ratio I1/I0 for molecular hy-
drogen in ZnO matches that of the free species in the limit of T ≤ 53 K. As a
consequence of this outcome, the degeneracy ratio of the nuclear ground states
of o- to p-H2 is 3 as expected in the framework of a free rotating molecule.













































Figure 6.5: Temperature-dependent Raman spectra of H2. (a) Raman spectra of
H2 in ZnO recorded in the temperature range 53–185 K. Prior each measurement the
sample was heated to room temperature in order to minimize effects of ortho-para
conversion. (b) Intensity ratio of the Q(1) and Q(0) modes – the ro-vibrational
ground-state transitions due to o-H2 and p-H2. The solid line is a guide for the eye.
The dotted line is the I1/I0 ratio of gaseous H2 depicted for comparison.
At elevated temperatures, however, I1/I0 increases faster than in the case
of gaseous H2. This behavior can be explained by either a larger gJ1(0) or a
smaller EJ1(0) for the molecule positioned in the ZnO lattice. We favor the
former situation for the following reasons. Inserting the ro-vibrational param-
eters of H2 deduced from the isochronal annealing series (see Tab. 6.1), the
energy separation between the rotational ground state J = 0(1) and the ﬁrst
excited state J = 2(3) of p-H2(o-H2) is E20 = 356 and E31 = 589 cm−1. These
ﬁndings match the gas-phase values. As depicted in Fig. 6.6 the value of E20,
however, is close to a phonon combination mode at around 320 cm−1 and the
A1(TO) mode at 379 cm−1, whereas E31 is practically in resonance with the
E1(LO) mode of ZnO at 591 cm−1. A resonance interaction between rotational
modes of H2 and the lattice phonons strongly enhances the degeneracy factors
gJ1(0) of H2 in ZnO resulting in the observed deviation of the temperature
dependencies of I1/I0 in ZnO compared to those in the gas phase. Such a
behavior was previously reported for interstitial H2 in Si [241, 242].
In the mid temperature range 80 – 125 K (TII) the value of I1/I0 shows a
plateau. This feature cannot be explained by thermal excitation only but
results from an ortho-to-para conversion which becomes signiﬁcant on the time
scale of the experiment (30 min) at these temperatures (see Sec. 6.6). The



































Figure 6.6: Resonance between the lattice phonons of ZnO and the rotational states
of H2. Sketch of the rotational states J and transitions ∆J = 2 in the vibrational
ground state of p-H2 and o-H2 (left). Raman spectra of a hydrogenated ZnO sample
annealed at Tanneal = 450 ◦C recorded below 55 K and at room temperature (right).
dynamic decrease of the ortho-to-para ratio of nop in Eq. (2.76) competes
with the thermal excitation J = 0 → 2 of p-H2 resulting in an apparent
equilibrium of the intensity ratio. An enhancement of the integration time at
a certain sample temperature, however, reveals a decrease of I1/I0 due to the
progressed ortho-to-para conversion. Note, the equilibrium ortho-to-para ratio
is temperature-dependent.
For temperatures above 125 K (TIII) the intensity ratio increases signiﬁcantly.
In this regime the equilibrium ortho-para ratio being ≥ 2.5 is approached dur-
ing the measurement procedure. Thus, the intensity ratio is again dominated
by the thermal excitation of the rotational state described by Eq. (2.76) with
a modiﬁed prefactor nop. The complex dependency on temperature and time
prevented us from determining the parameters g20 and E20.
At elevated temperatures the J = 2 state of p-H2 becomes populated, but the
corresponding Q(2) signal does not appear in the Raman spectra. The above-
mentioned resonance coupling between the rotational states and the lattice
phonons is responsible for this line broadening preventing us from detecting
Q(2) similar to the case of interstitial H2 in Si [242]. In addition, the lattice
potential lifts the ﬁvefold degeneracy of the J = 2 state by splitting into one
non-degenerated sublevel (A1) and two twofold degenerated sublevels (E) (see
Tab. 6.2). Although, the absolute splitting depends on the details of the lattice
potential, the symmetry reduction also contributes to the broadening of Q(2).
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Table 6.2: Character table of the C3v point group and splitting of the rotational
states J of H2 in C3v symmetry.
C3v E 2 C3 3 σv
A1 1 1 1 αxx + αyy, αzz
A2 1 1 -1
E 2 -1 0 (αxx − αyy, αxy),(αyz, αzx)
J = 0 1 1 1 Γ(J = 0) = A1
J = 1 3 0 1 Γ(J = 1) = A1 + E
J = 2 5 -1 1 Γ(J = 2) = A1 + 2E
At this point, we want to comment on the blue-shift of the LVM with in-
creasing temperature. Table 6.3 presents an overview of the earlier reported
temperature behavior of H2 trapped in diﬀerent solids. To the best of our
knowledge, of all semiconductor hosts a blue-shift was reported only for H2
trapped within hydrogen-induced platelets in Si [233], whereas the majority of
semiconductors, where the molecule was identiﬁed, revealed an opposite behav-
ior. Non-monotonic behavior of the LVM frequencies with the temperature was
reported for H2 trapped in a metal-organic framework (MOF), namely MOF-
5 [243–245], and a zeolitic imidazolate framework (ZIF), namely ZIF-8 [246].
For H2 trapped in C60 the LVM was found to be independent of temperature.
An interaction with the host structure decisively aﬀects the thermal behavior
of the vibrational properties of the molecule.
Table 6.3: Temperature behavior of the LVM frequencies due to H2 located in dif-
ferent host materials. Here “↗” and “↘” denote a blue- and red-shift with increasing
temperature from about 4 K to room temperature. Non-monotonic behavior is ex-
pressed by “❀”.
host trap LVM shift Ref.
Si Td site ↘ [226, 241]
Si oxygen ↘ [241]
Si K complexes ↘ [234]
Si platelets ↗ [233]
Ge voids ↘ [247]
GaAs Td ↘ [248]
C60 endohedral → [249]
MOF-5 – ❀ [243–245]
ZIF-8 imidazolate organic linker ❀ [246]
ZnO interstitial ↗ this work
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6.5 Polarization properties of H2
As introduced in Sec. 2.5.1.2, the scattering intensity in Raman measurements
is given by
Is =
∣∣∣e⃗i · ℜˆ · e⃗s∣∣∣2 , (6.8)
where e⃗i and e⃗s are the polarization vectors of the incident and scattered light,
respectively, and ℜˆ is the Raman tensor, which is determined by the symmetry
of the scattering center.
Figure 6.7 presents polarized Raman spectra which reveal that the intensities of
H2 related LVMs are independent of the crystal orientation (x, z direction) and
have nonzero intensities only if the polarizations of the incident and scattered
light are parallel to each other (e⃗i ∥ e⃗s). This property strongly indicates that
the molecule in ZnO is freely rotating without any preferential orientation in
the crystalline lattice.
The depolarization ratio∆ is deﬁned as the ratio of the scattered light intensity
polarized perpendicular to the excitation light to the intensity parallel to e⃗i.
The polarized Raman spectra yield for H2 in ZnO
∆ZnOH2 = (1.02± 0.80)× 10−2. (6.9)
























Figure 6.7: Polarized Raman spectra of H2 in ZnO taken at T ≤ 50 K.
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the interatomic axis) [148]
ℜˆZnOH2 ∼

1 0 00 1 0
0 0 1.45± 0.29

 , (6.10)
which, within the error bars of our measurements, agrees with the values known
from the literature for free H2 [250–252]:
∆freeH2 = (1.12± 0.28)× 10−2, (6.11)
ℜˆfreeH2 ∼

1 0 00 1 0




As shown in Sec. 6.5, the temperature dependence of the hydrogen molecule
in ZnO reveals a plateau-like I1/I0 ratio at T ≈ 110 K (TII). Here, we focus
on the intensity ratio of the vibrational ground-state transitions I1/I0 after
prolonged storage in this crucial temperature regime. The results are discussed
in the framework of an interconversion between o-H2 and p-H2.
6.6.1 Effect of prolonged storage below room temperature
The eﬀect of prolonged storage of ZnO below room temperature on the intensity
ratio I1/I0 is studied. Figure 6.8 shows results of a measurement series similar
to that presented for the investigation of the temperature dependence of the
Raman signals in Sec. 6.4.
Contrary to the previous measurement, Raman spectra were recorded over a
period of 1.5 instead of 1 h. Additionally, the sample was not heated up to
room temperature after every temperature step, but kept at low temperatures.
The data points that were determined in a single series are connected by red
arrows, whereas the direction indicates the progression of temperature.
In the inverse temperature ranges (TI) and (TII) the I1/I0 is less than or at
least equal to the results obtained in the previous measurement (gray data
points), whereas the intensity ratio decreases during the measurement process.
These ﬁndings strongly indicate that the system of o-H2 and p-H2 is in a
non-equilibrium state. The ratio I1/I0 is a function of storage time at a
given temperature which limits the integration time ≤ 1 h for deducing the
temperature behavior in the “room-temperature steady state”.
Thermal excitation of ro-vibrational states within the system of o-H2 and p-
H2 is insuﬃcient to account for the decrease of the intensity ratio of the Q(1)
and Q(0) mode in dependence on the total measurement time. This property
can rather be explained by a depopulation of the J = 1 ground-state of o-H2
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Figure 6.8: Effect of prolonged integration time on I1/I0 in the temperature range
50–180 K. The integration time for every temperature () was 1.5 h. Points that
have been consecutively recorded are grouped together by red arrows. The gray data
points (△) with an integration time of 1 h are obtained after the sample was stored
at room temperature for 2 h after each measurement. The schematic temperature
curve taken from Fig. 6.5 is presented in gray color for comparison.
for the beneﬁt of the number of occupation of the J = 0 state of p-H2. A
conversion between the ortho- and para-species is mediated by a perturbation
of the decoupled quantum systems. An analysis of the conversion process
with respect to the separation of the inﬂuence of the storage time and storage
temperature is presented in the following.
6.6.2 Ortho-to-para conversion at 79 K
If a conversion between o- and p-H2 is permitted, the prefactor “nop = 3” in
Eq. (2.76) must be substituted by the temperature- and time-dependent ortho-
to-para-ratio northo/npara. Since the degeneracy ratios gij and the energy level







(T, t) f(T ). (6.13)
Here, f(T ) is a time-independent function including the constant parameters
gij and Eij . The temporal evolution of the ortho-to-para ratio is directly
mimicked by the intensity ratio I1/I0.
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In order to investigate the eﬀect of the storage time on the intensity ratio I1/I0
Raman spectra of H2 in ZnO are recorded for a sample stored and measured
at 79 K with an integration time of 30 min. The results are presented in
Fig. 6.9(a).
The spectra reveal a decrease of the intensity ratio due to the Q(1) and Q(0)
modes with the storage time. Figure 6.9(b) depicts the intensity ratio obtained
after each 30-minute interval for a total period of 23 h. The solid line in the




(Tset = 79 K, t) = (2.3± 0.3) exp(−t/τop) + (2.4± 0.2), (6.14)
yielding the characteristic conversion time of τop = 7.5 ± 2.0 h at 79 K. The
starting value of I1/I0|t=0 = 4.7 deviates from the ortho-to-para ratio of 3
because a fraction of the rotational states of p-H2 is thermally excited (J = 0→
2). Inserting the starting ortho-to-para ratio of 3 and the intensity ratios at t =
0 and t → ∞ in Eq. (6.13) yields the equilibrium of northo/npara(79 K,∞) =
1.5± 0.7. This value is close to the gas phase value of 1. However, due to the

































Figure 6.9: Ortho-to-para conversion process of H2 in ZnO at 79 K. (a) Raman
spectra obtained at 79 K. (b) The intensity ratio of the Q(1) and Q(0) vibrational
modes as a function of the storage time. The solid line shows the best-fit curve (see
Eq. (6.14)).
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ortho-to-para ratio at the temperature Tset is given by [146]
northo
npara






After comparing Eq. (6.15) with Eq. (6.13) and substituting the equilibrium








= 0.8± 0.1. (6.16)
Under the assumption that the prefactor g10 is only determined by the (2J+1)-
fold degeneracy of the rotational states (g10 = 3), the separation between the
rotation ground state is E10 = 72±6 cm−1. Due to resonance eﬀects, however,
this assumption may be insuﬃcient. In particular, the experimental results
indicate E20 to be close to the value of gaseous H2 (E
gaseous
20 = 356 cm
−1).
According to Eq. (2.57) one easily gets E10 ∼= E20/3 ≈ 119 cm−1. By using
this relation, the degeneracy ratio g10 can be estimates to be g10 = 6.9 ± 0.9
by Eq. 6.16.
6.6.3 Para-to-ortho back conversion at room temperature
After the spin system of H2 reached its thermal equilibrium at 79 K, the
same sample was quickly cooled down below 55 K in order to freeze out the
ortho-para ratio northo/npara(79 K,∞). Fig. 6.10 shows Raman spectra of H2
recorded at temperatures below 55 K directly after the cooling down and after
subsequent annealing of the sample at room temperature.
The spectrum of H2 obtained immediately after cooling, in the quasi-
equilibrium of 79 K, reveals an intensity ratio I1/I0 = 1.7 ± 0.2. In the
limit of low temperatures (T ≪ E20/k) I1/I0 approaches the current ratio
northo/npara (see Eq. (2.76)). Indeed, this value nicely matches the ortho-para-
ratio northo/npara(79 K,∞) determined in Sec. 6.6.2.
Already the ﬁrst annealing for 30 min brings the I1/I0 ratio back to the room
temperature equilibrium value of 3.1 ± 0.6 which does not change after 44 h
of room temperature annealing. Based on this outcome we conclude that the
para-to-ortho back conversion time τpo at room temperature is smaller than
0.5 h. Since the duration of a warm up and cool down cycle in our Raman
setup takes at least 30 min, a more precise deﬁnition of τpo was not possible.
6.6.4 Mechanism for ortho-para conversion in ZnO
The results obtained in the two previous sections are summarized in Tab. 6.4
together with the ortho-para conversion times of H2 trapped at various sites in
Si — the only semiconductor host where the ortho-para conversion process of
the molecule was investigated. As one can see, both conversion times decrease




















Figure 6.10: Para-to-ortho conversion process of H2 in ZnO at room temperature.
The Raman spectra (T ≤ 55 K) were recorded after annealing at room temperature
for the depicted time.
with decreasing deviation between the LVM frequencies of H2 trapped at the
defects and the gaseous H2 (4161 cm−1). This trend indicates a correlation for
the coupling between the molecule and the host lattice.
Various possible reasons for the conversion between the ortho- and para-species
have been discusses in the literature for Si [232]. Up to now no unambiguous
mechanism is proposed. Here we consider the interaction of the nuclear spin of
H2 with nearby magnetic moments of the host atoms [255]. Of all constituents









= 0.038 % exhibit a nonzero magnetic moment. The contribution of
oxygen is negligible. In an assumption that the preferential diﬀusion path of
H2 is along the c-axis [65], the thermally activated motion of the molecule
Table 6.4: LVMs frequencies Q(0) and ortho-para conversion times of H2 trapped
at different lattice sites in Si and ZnO.
Host Trap LVM τop at LN2 τpo at RT Ref.
(cm−1) (h) (h)
Si Td site 3627 229±14 8.1±0.5 [232, 238]
oxygen 3736 238±43 4.5±0.5 [232, 241]
K complexes 3830 62±15 8±2 [234, 253]
platelets 4150 9±4 6±4 [233, 254]
ZnO interstitial 4154 7.5±2.0 ≤ 0.5 this work
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in the c channel could provide the magnetic ﬁeld gradient necessary for the
ortho-para conversion process. In Sec. 6.8 evidence will be presented that the
hydrogen molecule is trapped at the interstitial O site. The probability that
H2 did not face at least one 67Zn atom after Nδ diﬀusion steps between the








The number of steps Nδ at which P = 0.5 corresponds to the characteristic
diﬀusion length l at which the ortho-para conversion takes place. In addition,
this property is linked to the diﬀusion constant D of H2 and diﬀusion time τ :
l = Nδδ =
√
Dτ. (6.18)
The distance between two neighboring O sites along the c-axis is δ =
2.60 Å [131]. After inserting this condition and transposing Eq. (6.17) the




3 ln (1− p (67Zn)) − 1
]
. (6.19)
For the ortho-to-para conversion time of τ = 7.5 h obtained at 79 K the diﬀu-
sion constant for H2 parallel to the c-axis accounts D = 5.1× 10−19 cm2/s =
D0 exp (−Ea/kT ). Since the prefactor D0 for interstitial diﬀusion is about
2×10−4 cm2/s [37, 241, 256], the estimation of the diﬀusion barrier Ea results
in 0.23 eV. Due to the logarithmic dependence on D0, the diﬀusion barrier is
only weakly inﬂuenced by the uncertainty of the prefactor. With this value of
Ea the back conversion at room temperature is expected to happen within a
fraction of seconds. Note, this estimated diﬀusion barrier of H2 is about half
the value of that for the interstitial atomic hydrogen [66, 67].
Nevertheless, this consideration is only an estimate. It was recently indicated
that the ortho-para conversion of interstitial H2 in Si cannot be mediated by
nearby 29Si [232]. A compressive review of ortho-para conversion of H2 on
diamagnetic surfaces of metals and insulators is given by Fukutani and Sugi-
moto [143]. Recently, Ilisca [257] puts a focus on the mechanism responsible
for the conversion in MOFs and on amorphous solid water thereby emphasiz-
ing the role of oxygen ions in the process. An investigation of the ortho-para
conversion of H2 physically adsorbed on the ZnO surface was carried out by
Turkevich and Selwood [258] at 85 K and later by Harrison and McDowell [259]
over the temperature range 77–455 K. These authors established a conversion
time of about 63 min [259] at 77 K, and 204 [259] and 499 min[258] at 85 K,
respectively.
Other mechanisms such as proton exchange in dense hydrogen gas within po-
tential clusters or interaction of H2 with Zn atoms at the interface of those
vacancy clusters depend on inaccessible parameters, e.g. the cluster volume or
the hydrogen pressure. Thus the consideration of these is beyond the scope of
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the present work. A signiﬁcantly better signal-to-noise ratio of Raman spectra
as well as theoretical analysis are prerequisite to distinguish between diﬀerent
mechanisms of the ortho-para conversion in the bulk of ZnO.
6.7 Uniaxial stress dependence
The response of H2 on external stress ﬁelds is investigated in order to gain
information about the local symmetry. For this purpose, uniaxial stress is
applied parallel to the c-axis (σ ∥ c). Note that the samples available in this
study exhibit only a small dimension perpendicular to the c-axis preventing
us from extending the study to the orientation σ ⊥ c. Due to limitations of
our Raman setup, stress dependent measurements can be conducted only at
room temperature, whereas the cross-section area of the sample determines the
maximum stress value.
Room temperature Raman spectra recorded from a sample under pressure up
to 57 MPa are presented in Fig. 6.11. Over the whole pressure range the LVM
frequency and the line width of the Q(1) and Q(2) modes remain unchanged
indicating an only weak interaction with the local symmetry of the host.
However, the applied conditions suﬀer from two drawbacks. On the one hand,
the thermal broadening of the LVM hampers the detection of a stress-induced






















Figure 6.11: Uniaxial stress dependence of the LVM of H2. Room temperature
Raman spectra recorded as a function of uniaxial stress applied parallel to the c-axis.
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of magnitude below the values reported for the uniaxial stress investigation
of other hydrogen-related defects in ZnO, e.g. HBC, VZnH2, OH–Li, and the
hydrogen-related line at 3326 cm−1 [260] and Cu–H [261]. Due to the strong
O–H bonds, these complexes heavily depend on the local lattice symmetry
resulting in absolute shift rates below or equal to 5.5 cm−1/GPa. In contrast,
H2 is not chemically bound to the lattice. In this case of weak interaction
we expect a signiﬁcantly smaller response. Taking into account, however, the
maximum value determined from the defects containing one hydrogen atom,
the limit of the frequency shift limit for H2 yields 0.3 cm−1. This value is
about one order of magnitude below the resolution of our Raman setup and
thus is beyond our detection limit.
A Raman setup permitting the investigation of the stress behavior at low
temperatures and high resolution is needed to clarify this issue.
6.8 Position in the lattice
Here, we focus on the position of the hydrogen molecule in the host. For this
purpose the distribution of H2 in ZnO is analyzed and discussed with regard
to earlier theoretical suggestions.
6.8.1 Concentration profile of H2
Depth proﬁles were obtained for a ZnO sample hydrogenated at TH = 1000 ◦C
and subsequently annealed at Tanneal = 400 ◦C in Ar. Figure 6.12(a) presents
Raman spectra, which were recorded at diﬀerent excitation spots along the y
axis (see Fig. 3.1). The step size ∆y = 100 µm was selected, which is about a
factor of three above the diameter of the laser spot (35 µm) and hence prevents
superposition of the recorded spectra.
The LVMs of H2 are present across the whole sample. In the near surface
region, however, the Q-modes are broadened due to the lattice imperfections.
Moreover, HO still exists manifesting itself in the 1s → 2s electronic transi-
tion. Figure 6.12(b) presents the normalized intensities of the two hydrogen
species deduced from the Raman spectra as a function of y. The anticorre-
lation of the depth proﬁles of H2 and HO near the surface implies that trap-
ping of hydrogen at the oxygen vacancy is energetically more favorable than a
molecule formation. This ﬁnding agrees with calculations of formation energies
of hydrogen-related defects in ZnO by Du and Biswas [29].
For comparison, the depth proﬁle of HBC obtained from a ZnO sample directly
after hydrogenation at TH = 1000 ◦C is inserted in Fig. 6.12(b). The concen-
trations of H2 and HBC are reduced in the presence of HO at the surface. In
contrast to molecular hydrogen, HBC reveals a decreased intensity in the bulk
of the sample. This feature is assigned to an unknown hydrogen-trapping cen-
ter (see Sec. 4.2.2). During the annealing procedures above Tanneal = 200 ◦C












































Figure 6.12: Depth profile obtained for a ZnO sample hydrogenated at TH = 1000 ◦C
and subsequently annealed at Tanneal = 400 ◦C. (a) Raman spectra (T ≤ 55 K)
recorded as a function of y. The bottom and top spectra were recorded on the front
side (0) and the back side (d) of the sample with respect to the entrance slit of the
monochromator, respectively. (b) Normalized intensities of the HO (△) and H2 ()
signals. For comparison a depth profile of HBC (×) directly after hydrogenation is
included. Here the “y” scale is compressed by a factor of 0.89 for adjustment.
fast diﬀusion hydrogen atoms, liberated from HBC, provide a homogeneous
hydrogen distribution. In this process, H2 is the dominant hydrogen complex
formed in the absence of oxygen vacancies via Eq. (6.1).
Nevertheless, in the subsurface region both hydrogen species H2 and HO ex-
ist and hence an interaction can occur. The relation between the normalized
intensity and the Raman frequency of the perturbed 1s → 2s shallow donor
transition of HO, which was established in Sec. 4.3.1 from Fig. 4.7), serves as a
benchmark. Figure 6.13 presents the results of the corresponding depth proﬁle
obtained after subsequent annealing at Tanneal = 400 ◦C of the hydrogenated
ZnO sample. Notice that this concentration proﬁle was recorded after anneal-
ing the ZnO:H sample at a higher temperature. The linear relation deduced
from the inset in Fig. 6.13 between the normalized intensity and the frequency
σHO (cm
−1) = (10.0± 0.8)× IHO + (273.4± 0.4) (6.20)
matches the results in the absence of H2 (see Eq. (4.7)). We take this as an
indication that H2 competes with HO for the formation of defects, but does
not inﬂuence its electronic states.
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Figure 6.13: Concentration profile of the shallow donor transition due to HO subse-
quent annealing at Tanneal = 400 ◦C of a ZnO sample hydrogenated at TH = 1000 ◦C.
Position in the spectrum (N) and normalized intensity (•) of the electronic transition
due to HO. The normalized intensity vs. peak position is presented in the inset. The
solid line is a linear fit.
6.8.2 Trapping center of H2 in ZnO
Theory suggests three diﬀerent conﬁgurations of the molecule in the ZnO lat-
tice:
(i) Van de Walle [20] found that the interstitial H2 is positioned at the an-
tibonding Zn site in the c channel and is roughly aligned along the c-axis.
However, no rotational barrier for the molecule was calculated. Wardle et al.
[27] agree with these ﬁndings and additionally established the interatomic dis-
tance as well as the LVM of interstitial H2 to be very close to those of the
gaseous H2. Moreover, these authors found that the formation energy for H2
is practically the same as for two isolated interstitial hydrogen atoms.
(ii) Karazhanov et al. investigated the formation of diatomic hydrogen com-
plexes in stoichiometric [28], zinc-deﬁcient [262], and oxygen-deﬁcient ZnO [91].
They have found that the only stable hydrogen dimer in unstrained ZnO is a
so-called H∗2 complex with one hydrogen atom (H1) bound to oxygen and the
second one (H2) to a nearby zinc atom with only a weak coupling between
H1 and H2. The interatomic distance was found to be 1.25 Å. Shifting the
Fermi level towards the conduction band favors the formation of H∗2, whereas
local strain results in a separation into two interstitial hydrogen atoms. The
situation is changed in the vicinity of oxygen vacancies VO where two sep-
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arate substitutional and/or interstitial hydrogen atoms are more stable than
diatomic complexes. The H∗2 complex dissociation happens upon charge trans-
fer into hydrogen atoms
H∗2 −→ Hi +Hi,O. (6.21)
In this scenario, however, H2 trapped in the oxygen vacancy is found to be
stable with a slightly higher formation energy than H∗2. Upon compression or a
hydrogen concentration exceeding the concentration of VO diatomic complexes
become energetically more favorable. In zinc vacancies (VZn), two hydrogen
atoms are found to form strong O–H bonds instead of the H∗2 complex.
(iii) Du and Biswas [29] state, based on the experimental ﬁndings on “hidden
hydrogen”, that the molecule is located in the oxygen vacancy VO rather than
at the interstitial site. The formation of this complex results from a capture
of two hydrogen anions by an oxygen vacancy and a subsequent release of two
electrons given by the reaction
V 2+O + 2H
−
i −→ V 2+O H2 + 2e−. (6.22)
It is essential that the oxygen vacancy is in the “2+” charge state which holds
only for Fermi energies close to the center of the conduction band. Hence,
the molecule was found to be located preferentially close to the surface near
the boundary of the surface depletion region. The dissociation process was
proposed to happen via
V 2+O H2 −→ H+i +H+O. (6.23)
In the following, the above-mentioned models for (i) H2,int, (ii) H∗2, and (iii)
H2,O are discussed in the light of the results of the present study. Figure 6.12
reveals an anticorrelation behavior between HO and H2 indicating that the
molecule is not stable in the vicinity of oxygen vacancies but in the unperturbed
bulk. This ﬁnding is consistent with the predictions on H∗2. However, this com-
plex is expected to exhibit two IR-active LVMs in the spectral region around
1497 cm−1 and 3567 cm−1 [69] regarding the Zn–H and O–H stretch modes.
Contrary to that, the observed species is characterized by stretch modes with
frequencies close to that of gaseous H2. Furthermore, the experimental ﬁnd-
ings on the ortho-para splittung and ortho-para conversion are consistent only
with a complex containing indistinguishable hydrogen atoms. The polarization
properties disagree with a spatial alignment of the vibrational mode. Moreover,
the temperature behavior of the vibrational Q(J) modes is characterized by an
internal excitation between rotational states J of the molecule. In addition, IR
absorption measurements performed as a part of this investigation have shown
no signal for all isotopic combinations of the molecule, which implies that the
complex exhibits no dipole moment. The model of H∗2 is incompatible with the
entirety of these experimental results.
Both, Karazhanov et al. [262] and Du and Biswas [29], propose that under
hydrogen-rich conditions and in the presence of oxygen vacancies H2 is trapped
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at these lattice defects. Indeed, in Chap. 4 it was shown that the applied
treatment parameters yield a HBC shallow donor concentration of about 5 ×
1017 cm−3 (see Sec. 4.2.1.1) and create oxygen vacancies close to the sample
surface with a characteristic depth of 280 µm (see Sec. 4.3.1). Following the
arguments of the formation of H2,O by Du and Biswas, the molecule is expected
to be located at about 280 µm below the surface only. However, the results
presented in Fig. 6.12 show that H2 is distributed all over the sample and
reveals an anticorrelation behavior with the HO signal at the sample surface.
Moreover, the negatively charged interstitial hydrogen H−i is unstable for all
Fermi levels in the band gap preventing the formation mechanism proposed
by Du and Biswas [20, 22, 29]. Recent calculations of the LVM frequency of
H2 located at the VO reveal a value of 3991 cm−1, which signiﬁcantly deviates
from the value observed experimentally [263]. These results rule out the oxygen
vacancy as a trapping center for the molecule.
Due to the reasons mentioned above, our results are more consistent with a
model of H2 as an almost free rotor only weakly interacting with the host
lattice. Room temperature stress measurements, presented in Sec. 6.7, did not
reveal any shift or additional splitting of the LVM of H2 in support of this
assignment. This agrees with a model proposed earlier by Van de Walle [20] as
well as Wardle et al. [27]. Within their model the H–H separation is similar to
that of gaseous H2 which well agrees with the ﬁnding deduced from the Morse
potential (see Sec. 6.3.1). In addition, H2 has been proposed to be aligned
parallel to the c-axis but no reorientation barrier was calculated. A similar
situation was previously reported for interstitial H2 in Si with a rotational
barrier of at least 0.17 eV [264]. Nevertheless, the experimentally observed
behavior of H2 in Si was consistent with a freely rotating species. Only the
rotational state J = 2 was found to split into two components due to the
interaction with the Td symmetry of the host lattice [265]. In the wurtzite
structure even the J = 1 state is supposed to split into two sublevels which
belong to a non-degenerated A1 and a twofold degenerated E representation
of the C3v point group. We observed no splitting of the Q(1) mode giving
evidence for a weak perturbation of the host. The independence of the LVM
on external stress is in support of this conclusion.
The wurtzite crystal structure of ZnO possesses two highly symmetric intersti-
tial sites: an octahedral O (Oint) and a tetrahedral T (Tint) one (see Fig. 2.1).
To the best of our knowledge at the present time no theoretical considerations
regarding the formation energies for H2 at these interstitial sites in ZnO have
been carried out. Nevertheless, for other wurtzite-type semiconductors it was
found that a position directly on or slightly oﬀ the Oint site is the most likely
location for the molecule [266–268].
The Oint site is located within the open c channels in the center of an octa-
hedron. On the corners there are three Zn and three O atoms, respectively.
In ZnO the distance of the center to each of this atoms is 2.123 Å [42]. The
cage of the Tint site is basically similar to that of Oint, but in addition one
Zn and one O atom are located 1.608 Å [42] above and below this lattice site
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with respect to the c-axis. This simple geometrical consideration of the open
space at the two interstitial sites in ZnO reveals for H2 a larger volume at
the Oint site compared to the Tint site. Thus, in agreement with theory we
tentatively assign Oint to be the trapping site for the molecule observed in our
experiments. Due to the diﬀerent ionic radii of the host atoms, we cannot
exclude that the center of mass is slightly shifted parallel to the c-axis towards
the plane of the three Zn atoms. Such a conﬁguration would comply with the
antibonding Zn site proposed by Van de Walle [20].
An interstitial site is, however, not the only position that can provide enough
space for the molecule to be trapped at. The formation of one-, two- and
three-dimensional voids ﬁlled with hydrogen during the crystal growth [269] or
after proton implantation [62, 270] in ZnO has been reported in the literature.
In these studies the role of zinc vacancies was emphasized. Zinc vacancies
formed via ion bombardment were found by Chen et al. [62] to coalesce into
bubbles ﬁlled with hydrogen after annealing at temperatures Tanneal from 200
to 500 ◦C. Further treatments at higher temperatures release the hydrogen
from those traps. It was also shown that subsequent annealing results in a
signiﬁcant decrease of lattice strain [270]. Recently, Jiang et al. [271] showed
that zinc vacancy-related defects are formed after annealing ZnO in oxygen or
nitrogen atmosphere above 900 ◦C.
The results reported here can be understood in terms of vacancy clustering.
HBC is the predominant hydrogen species directly after the hydrogenation at
TH = 1000
◦C. However, its concentration is only half in the sample center
— at the region where H2 becomes dominant after subsequent annealing pro-
cesses — compared to the maximum closer to the surface. Apparently, the
presence of other defects, like vacancies, slows down the formation of HBC in
the bulk of the sample. Our annealing studies established that both, a hydro-
genation temperature exceeding Tanneal = 800 ◦C and subsequent annealing
above Tanneal = 200 ◦C, are necessary to form H2. Additionally, the LVM
frequency is changed for annealing temperatures 200 ≤ Tanneal ≤ 500 ◦C. Note
that the obtained threshold temperatures as well as the temperature range are
in good agreement with the results obtained by Chen et al. [62] and Jiang et al.
[271].
Hence, the dependence of the LVM frequency of H2 on temperature of hydro-
genation or annealing (see Secs. 6.2 and 6.3) could also be related to vacancy
formation and vacancy agglomeration during the hydrogenation and annealing
process, respectively. Ripening of the vacancy clusters with elevated annealing
temperature or time provides bigger volume for the molecules and leads to the
red-shift of the LVM frequencies and the line narrowing. An equilibrium state
is reached at Tanneal = 500 ◦C. The stability of H2 above 500 ◦C deviates from
the experiments reported earlier (see e.g. Ref. [62]). This behavior can be
explained in the context of an apparent stability mediated by a dependence of
the hydrogen capture on the details of the annealing procedure. More details
on this topic are discussed in Sec. 4.4.
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The vacancy cluster formation should strongly depend on the treatment tem-
perature, which, in turn, can explain the frequency shift presented in Fig. 6.1 in
Sec. 6.2. No hydrogen molecules were observed for the samples hydrogenated
below TH = 800 ◦C further favoring the vacancy clustering model. Moreover,
both, the threshold temperature for the clustering and the temperature at
which the LVM frequency of H2 stabilizes, are in good agreement with the
results of positron annihilation experiments on open-volume defects assigned
to vacancy clusters in ZnO without hydrogen [272]. This coincides with the
results published by Chen et al. [62] and Jiang et al. [271] and is in support of
the vacancy-cluster mechanism. Theoretical investigation of H2 is needed for
to unambiguously assign the trapping center for the hydrogen molecule.
6.9 Conclusions
This chapter revealed a detailed Raman analysis of H2 in ZnO, the only II-VI
semiconductor where molecular hydrogen was reported.
A deep understanding of the formation process and stability conﬁrms that the
“hidden hydrogen” species is indeed H2. These ﬁndings unveil the importance
of molecular hydrogen in the formation process of hydrogen shallow donors,
as already suggested in Chap. 4. In particular, the molecule was found to be
stable in the temperature range of 300–700 ◦C. Interstitial hydrogen (HBC)
is identiﬁed as the major source for the molecule formation. Thereby, it is
shown that lattice defects, e.g. vacancies, and their clustering play a crucial
role in the formation and ripening process of H2. The molecule dissociates
via forming substitutional (HO) and interstitial (HBC) hydrogen, whereas the
persistent stability depends on the details of the sample treatment.
Evidence was presented that the molecule is a nearly free rotor. This ﬁnding
explicitly accounts for the thermal excitation of rotational states J within the
ortho- and para-H2 species, respectively. A weak interaction with the host,
however, manifests itself in a resonance coupling between the rotational states
of H2 and lattice phonons inﬂuencing the ro-vibrational states of the molecule.
Furthermore, the perturbation by the lattice yields a conversion between ortho-
and para-H2. In particular, the ortho-to-para conversion time at 79 K was
found to be 7.5 h, whereas the back conversion at room temperature occurs
within less than 0.5 h. The observation of an ortho-para conversion of H2
reveals that Si is not the only semiconductor where this phenomenon appears
and could help in understanding the mechanism behind it.
For the ﬁrst time, a dependence of the ro-vibrational properties on the sample
history is demonstrated and assigned to lattice imperfections. Based on the
experimental results and in accordance to theory the interstitial site or vacancy
clusters are suggested as the most likely positions for the molecule in the ZnO
lattice.
Chapter 7
Identification of Y–Xn in ZnO
7.1 Introduction
Parmar et al. [41] observed a LVM at 3304 (2466) cm−1 after hydrogenation
(deuteration) of a melt-grown ZnO sample that was ﬁrst annealed in oxygen
atmosphere and subsequently exposed to sodium. The values of the frequen-
cies, the isotopic frequency ratio of the vibrational modes and the correlation
with sodium prompted the authors to assign the line to a stretch mode of O–
H in the vicinity of Na. First-principles calculations propose the Na–OHAB⊥
complex as the most stable conﬁguration [99]. A mode at 2461 cm−1 in the
deuterated sample was assigned to a Fermi resonance with the O–D wag mode.
Lavrov et al. [34] detected a line at the same position in a hydrothermal (HT)
grown ZnO sample without any additional sodium treatment. This band,
however, was accompanied by a mode at about 3320 cm−1. The intensities of
both features signiﬁcantly increase after a hydrogen plasma annealing, which
underlines the correlation to hydrogen.
A more careful IR study performed by Haug [40] on HT-ZnO annealed in an
isotopic mixture of D2 and H2 demonstrated that the complex contains at
least two hydrogen atoms, where one is aligned parallel to the c-axis. The
author suggested a defect model comprising two non-equivalent O–H bonds
that point towards an impurity atom. However, this model is unable to explain
all experimental observations. No information on the chemical nature of the
impurity atom was deduced from the experiments.
From this ﬁndings, the impact of hydrogen is obvious, but the assignment to
a sodium-containing complex is questionable. To the best of our knowledge,
the aforementioned publications are the only reports on this modes. In the
majority of cases, a treatment of ZnO in hydrogen atmosphere or plasma us-
ing similar conditions does not result in the above-mentioned modes (see e.g.
Refs. [31, 32, 94, 273]).
Throughout this chapter the not yet identiﬁed defect is labeled Y–Xn, with
the number n of hydrogen isotopes (X = H and D) trapped at the center Y.
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7.2 Results
7.2.1 Formation
In the literature the detection of the LVMs investigated here is reported only
sporadically. First, the formation process of the complex is considered. Fig-
ure 7.1 shows IR absorption spectra of two vapor phase grown ZnO samples,
which were hydrogenated at TH = 750 ◦C and TH = 1000 ◦C, and subsequently
annealed in ﬂowing Ar at Tanneal = 200 ◦C.
The low-temperature hydrogenation at TH = 750 ◦C generates LVMs at 3312.2
and 3349.5 cm−1 of VZnH2 [32] and 3326.3 cm−1 due to a controversially dis-
cussed hydrogen-related complex [31, 38]. Unexpectedly, a line at 3348.2 cm−1
associated with VZnH∗2 [94] also appears in the spectra. The LVM of the dom-
inant HBC shallow donor is not shown here.
The annealing in Ar reduces the intensity of the 3326 cm−1-line, whereas the
VZnH2-modes are increased. The feature due to VZnH∗2 is practically not af-
fected. However, the low-temperature treatments do not result in the forma-
tion of the 3304 and 3320 cm−1 features, which is in agreement with earlier









































Figure 7.1: IR absorption spectra of vapor phase grown ZnO samples recorded at
4 K. Hydrogenation in H2 atmosphere at TH = 750 ◦C (a) and subsequent annealing
in Ar atmosphere at Tanneal = 200 ◦C (b). The same sequence conducted with
TH = 1000
◦C yield the spectra (c) and (d). The spectra are background corrected
to subtract contribution of free carriers and offset vertically for clarity.
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Directly after the hydrogen treatment at TH = 1000 ◦C strong free carrier
absorption prevented us from the detection of LVMs in the spectral region of
interest. An Ar-treatment at Tanneal = 200 ◦C is known to reduce the amount
of free carriers to about 20 % of the original value [25, 84]. Indeed, after this
procedure LVMs due to VZnH2 and its metastable conﬁguration VZnH∗2 can be
seen. As expected from the ﬁrst sample the 3326 cm−1-line does not appear
at this stage. Furthermore, the spectrum reveals the broad bands at 3303 and
3320 cm−1, which coincide with the values reported in Refs. [34, 40, 41].
In summary, a two-step process consisting of a high-temperature hydrogenation
and an argon annealing is required to create the complex in our vapor-phase
grown ZnO sample. We cannot exclude, however, that it is formed already
after the ﬁrst step because of the strong free carrier absorption. Note that no
sodium was incorporated during the treatments.
7.2.2 Isotope effect
Figure 7.2 presents IR absorption spectra of ZnO samples treated in H2 and/or
D2 atmosphere at TH = 1000 ◦C and annealed subsequently in Ar atmosphere












































































Figure 7.2: IR absorption spectra obtained at 4 K for ZnO sample after thermal
treatment in H2 (a), D2 (b) and H2+D2 (c) atmosphere at TH = 1000 ◦C and sub-
sequent Ar annealing at Tanneal = 500 ◦C. Spectra were background subtracted to
remove contributions of free carriers and vertically shifted for clarification. The inci-
dent light was unpolarized with the beam aligned perpendicular to the c-axis (k ⊥ c).
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surements were conducted with unpolarized light with the c-axis of the samples
being aligned perpendicular to the incident beam (k ⊥ c).
In the hydrogen-treated sample the two earlier reported broad modes at
3302.5 cm−1 (σH1 ) and 3320.4 cm−1 (σH2 ) can be seen. A non-reported broad
feature at about 3238 cm−1 (σHsat) is additionally detected, which reveals an
intensity of only about 10 % of the major modes.
The substitution of hydrogen with deuterium yields two dominant bands at
2465.4 cm−1 (σD1 ) and 2487.4 cm−1 (σD2 ). In addition, the side band at
2461.2 cm−1 (σsb) and a low intensity mode at 2480 cm−1 occur, which were
both observed previously [40]. The latter two lines are, however, not associated
with any lines in the hydrogenated sample. Furthermore, a new line at about
2428 cm−1 (σDsat) appears in the spectrum.
The LVM frequency ratios r = σH/σD of corresponding modes are rsat = 1.33
and rσ1 = rσ2 = 1.34. These values are close to r = 1.37, which is expected for
an Y–H(D) bond with Y being oxygen or nitrogen in the approximation of a
harmonic oscillation (see Sec. 2.3.4). Due to this fact, we assign σHsat, σ
H
1 , and
σH2 to LVMs of one (or more) Y–Hn complex(es) with at least one Y–H bond.
Annealing a sample in a mixture of H2 and D2 (1:1) leads to the appearance
of four additional lines, which are pairwise positioned between the deuterium-
related lines at 2472.5 cm−1 (σDH1 ) and 2480.1 cm−1 (σDH2 ) and the hydrogen-
related ones at 3304.8 cm−1 (σHD1 ) and 3315.5 cm−1 (σHD2 ). As it will be
demonstrated in polarization experiments, σDH2 is accidentally positioned at
the same position as the 2480 cm−1-line in the ZnO:D sample. Both isotopic
frequency ratios of the mixed modes are rHD = 1.34 matching the results
of the isotopically pure modes. The satellite mode σDsat remains unaﬀected,
whereas σHsat escapes from detection. This observation can be easily under-
stood, since already the major hydrogen LVMs reveal much less intensity than
the deuterium lines. In the following only σDsat will be taken into account due
to the limited detectability of σHsat. In Table 7.1 the LVM frequencies and the
frequency ratios of associated modes are summarized.
Table 7.1: LVMs and isotopic frequency ratios of the Y–Xn complex.
σD σH r = σH/σD origin
2428 3238 1.33 Y–Dn/Y–Hn
2461.2 − − Y–Dn
2465.4 3302.5 1.34 Y–Dn/Y–Hn
2472.5 3304.8 1.34 Y–HDn
2480 − − Y–Dn
2480.1 3315.5 1.34 Y–HDn
2487.4 3320.4 1.34 Y–Dn/Y–Hn
All deuterium-related LVMs have a hydrogen-related counterpart, except σsb
and the D-related mode at 2480 cm−1. The fact that the 3238 (2428) cm−1-
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mode does not reveal additional lines in ZnO:H:D indicates that the mode is
caused by a single Y–H(D) bond. In contrast, the appearance of two new modes
for mixed isotopes in-between indicates an interaction between the outer modes
σ1 and σ2. Such a behavior is observed for the hydrogen modes in VZnH2 [32],
which comprises two non-equivalent O–H bonds. This observation, however,
is not exclusively caused by this kind of defects. Obviously, a framework that
contains two or more Y–H bonds is also applicable to explain the experimental
ﬁndings. Hence, the number of hydrogen atoms n ≥ 2 involved in the com-
plex Y–Xn needs to be investigated in more detail. Note that the splitting
between the lowest frequency σ1 and the highest frequency σ2 is bigger for
the deuterium-containing complex than for its hydrogen counterparts. This is
diﬀerent to the complexes CuH2 [37] and VZnH2 [32], at which the hydrogen
atoms are bound to diﬀerent oxygen atoms and vibrate towards the Cu atom
and zinc vacancy, respectively. A careful analysis of the microscopic structure
will be given in Sec. 7.3.
The line widths of the deuterium-related modes are about a factor of four
smaller than the hydrogen ones. This property can be understood in terms of
localization eﬀects. In particular, the amplitude
√⟨x2⟩ of a vibrating harmonic
oscillator is proportional to µ−1/2. In the absence of resonances the stronger
localization of the deuterium mode accounts for a weaker interaction with the
phonon bath modes, thus enhancing the vibrational lifetime. At low temper-
atures and without interactions the line shape of an oscillator is Lorentzian.
Since the natural line width is inversely proportional to the vibrational lifetime
Γ = (2πcτ)−1, deuterium-related LVMs are expected to be narrower than their
hydrogen counterparts.
The treatment with H2 and D2 not only results in the appearance of the four
new LVMs, but unexpectedly quenches the intensity of σH1 and σ
H
2 . Notice
that the sample is annealed at Tanneal = 500 ◦C. Since the IR line intensity is
proportional to µ−1, one would expect an intensity ratio of about 1.8(H) : 1(D).
However, the cumulative intensity of the hydrogen-related modes in the mixed
isotope conﬁguration is much less than that of the deuterium-related ones
(0.31:1). We take these ﬁndings as an indication that hydrogen reveals a higher
formation energy and/or is less strongly bound than deuterium. Evidence for
this conclusion will be presented in the following section.
7.2.3 Annealing properties
The thermal stability of the Y–Xn complexes is examined in isochronal anneal-
ing series in the temperature range 200 ≤ Tanneal ≤ 750 ◦C.
Figure 7.3(a) presents IR absorption spectra for a ZnO sample hydrogenated at
TH = 1000
◦C and subsequently annealed in Ar gas ﬂow. The free carrier ab-
sorption prevented us from the observation of LVMs for Tanneal < 200 ◦C.
The two modes σH1 and σ
H
2 remain unaﬀected for Tanneal ≤ 550 ◦C. At
Tanneal = 600
◦C the intensities begin to decrease and a 700 ◦C-treatment





















































































































Figure 7.3: Isochronal annealing series of the Y–Xn complex. IR absorption spectra
at 4 K were recorded subsequent each annealing step in Ar atmosphere for 1 h at the
depicted temperature for ZnO samples hydrogenated (a), deuterated (b) , and hydro-
genated and deuterated (c) at TH = 1000 ◦C. The modes of Y–Xn are highlighted
in red ( ) and the LVMs due to the hydrogen passivated zinc vacancy are labeled
in black ( ). Spectra were background subtracted to remove contributions of free
carriers and vertically shifted for clarification.
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ﬁnally quenches the modes. The simultaneous thermal behavior indicates that
the modes belong to one complex. Note that the zinc vacancy decorated with
two hydrogen atoms (VZnH2) anneals out already at Tanneal = 500 ◦C – in
agreement with previous experiments [32]. Even though the ratio of the inte-
grated intensity of VZnH2 to Y–Hn at Tanneal = 200 ◦C is 1:4, the liberated
hydrogen atoms do not inﬂuence the Y–Xn-lines during the annealing process.
This might be an indication that the corresponding traps Y are already fully
passivated with hydrogen.
The results of a similar measurement series obtained for a ZnO:D sample are
shown in Fig. 7.3(b). Annealing at Tanneal = 200 ◦C results in the appearance of




2 , and the 2480 cm
−1-line together
with the VZnD2 complex. The annealing behavior of the Y–Dn complex is ba-
sically the same as for its hydrogen analogue, but the intensity reduction after
the Tanneal = 650 ◦C step is less pronounced. A higher stability of deuterium-
related complexes was observed for H2 (see Chap. 6) and for several complexes
containing O–H bonds [21, 37, 38, 66, 67]. This properties is explained by the
smaller mobility of deuterium compared to hydrogen resulting from its heavier
mass and smaller zero-point energy. The sideband σsb reveals the same an-
nealing behavior as Y–Dn, supporting the earlier proposed relation between
these modes [40, 41].
Analogous results obtained for a ZnO:H:D sample are presented Fig. 7.3(c).
In addition to the lines discussed above, the LVMs due to Y–HDn and VZnHD
appear in the spectra. A lower free carrier concentration enabled us to observe
LVMs already after annealing at Tanneal = 150 ◦C. Nevertheless, only the
deuterium-related modes are obtained at this stage. The hydrogen-containing
complex is formed only after the next annealing step - in compliance with the
higher formation energy. Furthermore, σH1 and σ
H
2 are not detectable as it is
already seen in Fig. 7.2. The thermal stability of the mixed isotope modes
coincides with the results for the corresponding pure conﬁgurations.
7.2.4 Temperature dependence of the local vibrational modes
Figure 7.4(a) shows IR absorption spectra of the Y–Hn complex obtained from
a ZnO sample hydrogenated at TH = 1000 ◦C and annealed afterwards in Ar
at Tanneal = 500 ◦C. Such a treatment ensures the quenching of the LVMs due
to VZnH2. The modes σH1 and σ
H
2 are clearly seen at 4 K. As the temperature
increases, σH1 blue-shifts and σ
H
2 red-shifts. Simultaneously both lines signiﬁ-
cantly broaden. For temperatures above 90 K the two features can no longer
be resolved. The LVM frequencies as a function of temperature are depicted
in Fig. 7.4(b). The solid lines are determined in the framework of the coupling
model by Persson and Ryberg [182] (see Sec. 4.2.2.2). The overall peak inten-
sity ratio σH1 to σ
H
2 remains almost constant at one for all temperatures below
70 K, whereas above this temperature the large uncertainty prevents us from
a secure statement. Nevertheless, this constancy excludes a thermal excitation
between the two modes.






























































Figure 7.4: Temperature dependence of Y–Hn in ZnO. (a) IR absorption spectra
recorded of a ZnO sample treated at TH = 1000 ◦C in H2 and subsequently annealed
in Ar gas at Tanneal = 500 ◦C. The spectra were background corrected to remove con-
tributions of free carriers and vertically shifted for clarification. (b) LVM frequencies
of Y–Hn versus temperature. The mean frequencies is given by σ˜H = (2σH1 + σ
H
2 )/3.
A similar measurement series was conducted for a deuterated ZnO sample.
The corresponding spectra are presented in 7.5(a). The major LVMs σD1 and
σD2 show the same shifting behavior as their hydrogen counterparts. This is
in support of the assumption of Y–H(D) bonds. However, these lines do not
overlap within the covered temperature range. In addition, the sideband σsb
also blue-shifts. Notice that σsb and σD1 - the lines previously proposed to be in
Fermi resonance - reveal the same behavior. The thermal behavior of the weak
features σDsat and the 2480 cm
−1-line is obscure, but they tend to slightly blue-
shift and red-shift with temperature, respectively. For all temperatures the
Y–Dn modes are much narrower, more intense and more separated than in the
Y–H region. In Fig. 7.5(b) the LVM frequencies of the Y–Dn complex together
with the sideband are plotted versus temperature. Again, the thermal behavior
is described in Persson and Ryberg’s coupling model. For all temperatures the
intensity ratio σD1 to σ
D
2 stays at one, matching that of the hydrogen complex.
Finally, temperature-dependent spectra obtained from a ZnO:H:D sample are
shown in Fig. 7.6(a). The isotopically pure modes reveal the same behavior as
observed in ZnO:H and ZnO:D. From the mixed modes, the hydrogen-related
line σHD1 is reliably observable only below 50 K. The results of the LVM fre-
quency ﬁtting within the model of Persson and Ryberg [182] are presented in

































































Figure 7.5: Temperature dependence of Y–Dn in ZnO. (a) IR absorption spectra
recorded of a ZnO sample treated at TH = 1000 ◦C in D2 and subsequently annealed
in Ar gas at Tanneal = 500 ◦C. The spectra were background corrected to remove con-
tributions of free carriers and vertically shifted for clarification. (b) LVM frequencies
of Y–Dn versus temperature. The mean frequencies is given by σ˜D = (2σD1 + σ
D
2 )/3.
with increasing temperature. Hence, at this stage a speciﬁc assignment be-
tween one “mixed mode” and one “pure mode” cannot be made.
In Tab. 7.2 the best-ﬁt parameters of the temperature-dependent peak posi-
tions according to Eq. (4.5) for all hydrogen isotope combinations are summa-
rized. The coupling energy of the pure hydrogen (deuterium) modes is about
57(47) cm−1 with a uncertainty of about 8 cm−1. Therefore, we tentatively
suggest the same mode to be responsible for the interaction. The relative errors
of the mixed isotope modes σDH1 and σ
HD
1 are almost 70% caused by their low
intensity. The other two modes σDH2 and σ
HD
2 reveal both a resonance mode
at about 40 cm−1. The same holds for the shift prefactor δσ = 2 cm−1. These
ﬁndings give further support to the correlation between σDH2 and σ
HD
2 .
The large error bars of the determined parameters, however, question the ap-
plicability of the model of Persson and Ryberg, which is only valid in the
limit of weak-coupling (δσ ≪ η). The strongly asymmetric line shape and
the limited signal-to-noise ratio of the LVMs made a reasonable ﬁt of the line
widths ∆Γ(T ) using Eq. (4.6), and thus of the “friction” parameter η, impos-
sible. Analogously to the processing in Sec. 4.2.2.2, one can estimate η from
the experimentally obtained line widths ∆Γ(4 K) (D: 1.2 cm−1, HD: 1.5 cm−1,
H: 7 cm−1) and Eq. (4.6). While doing so one ﬁnds that the weak-coupling
condition is not fulﬁlled for the Y–Xn complexes (|δσ/η| = 0.5 . . . 4.7). Hence,







































































































Figure 7.6: Temperature dependence of Y–HDn in ZnO. (a) IR absorption spectra
recorded of a ZnO sample treated at TH = 1000 ◦C in H2+D2 and subsequently
annealed in Ar gas at Tanneal = 500 ◦C. The spectra were background corrected to
remove contributions of free carriers and vertically shifted for clarification. (b) LVM
frequencies of Y–HDn versus temperature.
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Table 7.2: Best-fit parameters within model by Persson and Ryberg [182] for Y–Xn
obtained from ZnO:H, ZnO:D, and ZnO:H:D. All values are denoted in (cm−1).
LVM σ0 δσ E0
σsb 2461.3 ± 0.0 4.3 ± 3.1 97.3 ± 30.5
σD1 2465.3 ± 0.0 2.1 ± 0.5 49.5 ± 7.9
σDH1 2472.4 ± 0.1 −1.8 ± 2.3 68.6 ± 48.8
σDH2 2480.2 ± 0.0 −2.3 ± 0.2 39.1 ± 2.1
σD2 2487.5 ± 0.1 −5.2 ± 1.1 45.8 ± 6.2
σH1 3302.5 ± 0.1 3.6 ± 1.1 57.4 ± 11.3
σHD1 3304.2 ± 0.3 5.6 ± 6.1 46.7 ± 31.5
σHD2 3315.5 ± 0.0 −2.0 ± 0.5 40.6 ± 7.8
σH2 3322.0 ± 0.6 −9.7 ± 10.1 57.9 ± 38.5
the ﬁtting parameters in Tab. 7.2 need to be considered with some caution.
Furthermore, this result indicates a more complex interaction with the host
lattice.
7.2.5 Polarization properties
Polarization properties of a LVM reveal information on the orientation of the
vibrating bond in the crystal thus giving direct insight into the local symmetry
of the corresponding defect.
7.2.5.1 Hydrogen Polarization-dependent IR absorption spectra were ob-
tained from a ZnO sample hydrogenated at TH = 1000 ◦C and subsequently
annealed in Ar at Tanneal = 500 ◦C. The results are presented for Y–Hn
together with the OH–Li complex in Fig. 7.7(a). The latter is formed via hy-
drogen trapping during the slow cooling after the annealing process [34, 209].
Since OH–Li is aligned almost parallel to the c-axis [33, 34, 36], it serves as
a reference in order to correct sample misalignment and imperfections of the
setup.
The intensities of the σH1 , σ
H
2 and OH–Li lines are given as a function of the
angle α between the polarizer and the c-axis in Fig. 7.7(b). In C3v symmetry
a vibrating dipole moment that forms an angle φ with the c-axis reveals a
polarization-dependent intensity expressed by (see App. A)
I(α) = I1(φ) cos
2 α+ I0(φ). (7.1)
Here I0 and I1 are functions of the angle φ between the dipole moment of the
defect and the c-axis. In particular, the orientation of the dipole moment φ

















































Figure 7.7: Polarization properties of Y–Hn. (a) Polarized IR absorption spectra of
ZnO:H annealed in Ar at Tanneal = 500 ◦C. All spectra were background subtracted to
remove contributions of free carriers and offset vertically for clarity. (b) Absorbance
vs. polarization angle α to the c-axis.
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These equations are valid no matter whether the probed dipole moment orig-
inates from a single dipole or from a combination mode of equivalent dipoles.
The best-ﬁt parameters of the angular dependencies using Eq. (7.1) together
with the orientation of the dipole moment according to Eq. (7.2) are summa-
rized in Tab. 7.3. Figure 7.7(b) present the corresponding best-ﬁt curves.
Table 7.3: Best-fit parameters of the Y–Hn modes using Eqs. (7.1) and (7.2) obtained
from ZnO:H.
LVM I1 I0 φ
arb. units arb. units ◦
σH1 −0.201± 0.006 0.199± 0.002 90 ± 7
σH2 0.164± 0.003 0.000± 0.001 0 ± 6
OH–Li 0.069± 0.002 0.003± 0.000 16.1 ± 0.2
The σH1 mode has maximum intensity when the polarizer is aligned perpendic-
ular to the c-axis. The parallel conﬁguration is, however, experimentally not
accessible in this sample arrangement. The best-ﬁt yields zero intensity in this
case. By inserting these ﬁndings in Eq. (7.2), we establish that φ(σH1 ) ≈ 90◦
and thus the corresponding dipole moment d is aligned perpendicular to the c-
axis. In contrast, σH2 reveals maximum intensity when the polarizer is aligned
parallel to the c-axis and is quenched for perpendicular orientation - matching
the behavior of OH–Li. Using Eq. (7.2) yields φ(σH2 ) = 0
◦. Hence, we conclude
that the dipole moment d corresponding to σH2 is parallel to the c-axis.
7.2.5.2 Deuterium Figure 7.8(a) shows polarized spectra of a similar
measurement series performed for a deuterated ZnO sample. Contrary to the
ZnO:H sample, this ZnO:D sample contains no lithium. Fortunately, the bond-
centered species DBC appears in the spectra as a reference for the c-axis. The
LVMs presented in the previous sections due to Y–Dn are clearly seen.
The intensities of the Y–Dn complex and DBC are plotted versus the polarizer
angle α in Fig. 7.8(b). The best-ﬁt parameters for the angular dependencies
using Eq. (7.1) are presented in Tab. 7.4.
The modes related to σsb and σD1 show maximum intensity perpendicular to the
c-axis and zero intensity when the polarizer is parallel to the c-axis. Applying
Eq. (7.2) reveals φ(σsb) = φ(σD1 ) = 90
◦. Hence, both corresponding dipoles
d(σsb) and d(σD1 ) are aligned perpendicular to the c direction - just as σ
H
1 .

































































Figure 7.8: Polarization properties of Y–Dn. (a) Polarized IR absorption spectra of
ZnO:D annealed in Ar at Tanneal = 500 ◦C. The spectra were background subtracted
to remove contributions of free carriers and offset vertically for clarity. (b) Absorbance
vs. polarization angle α to the c-axis.
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Table 7.4: Best-fit parameters of the Y–Dn modes using Eqs. (7.1) and (7.2) obtained
from ZnO:D.
LVM I1 I0 φ
arb. units arb. units ◦
σDsat 0.027± 0.006 −0.002± 0.002 0
σsb −0.007± 0.000 0.007± 0.000 90
σD1 −0.051± 0.003 0.046± 0.001 90
2480 −0.016± 0.006 0.013± 0.002 73.2± 18.9
σD2 0.072± 0.005 −0.004± 0.003 0
DBC 0.053± 0.001 0.000± 0.000 0
The LVM of σD2 reveals the same behavior as its hydrogen analogue σ
H
2 and as
DBC: φ(σD2 ) = 0
◦. Hence, the corresponding dipole moment d(σD2 ) is oriented
parallel to the c direction.
The weak feature at about 2480 cm−1 appears with maximum intensity at
α ≈ 90◦, indicating a dipole moment oﬀ the c-axis with φ(2480) = 73 ± 19◦.
The low intensity in conjunction with the non-linear background due to free
carriers and the overlap with σD2 for α → 0◦, however, prevented us from a
more precise investigation of this feature.
Finally, the deuterium satellite mode σDsat clearly reveals an orientation of the
dipole moment parallel to the c-axis. As in the case of the 2480 cm−1-line, the
peak ﬁtting is mainly limited by free carrier absorption in conjunction with a
low signal-to-noise ratio. As a consequence, the maximum of the ﬁtting curve
is accidentally not positioned at α = 0 (see Fig. 7.8(b)).
7.2.5.3 Hydrogen and deuterium The polarization-dependent mea-
surement series was also conducted on a ZnO:H:D sample. The obtained IR
absorption spectra are presented in Fig. 7.9(a). Again, the LVM of DBC serves
as a benchmark for the c-axis. Figure 7.9(b) shows the LVM intensities as a
function of the polarizer angle α. The corresponding best-ﬁt parameters are
summarized in Tab. 7.5.





the same behavior as obtained in the previous section. The mode σDH2 at
2480 cm−1, however, signiﬁcantly diﬀers in its polarization properties from the
2480 cm−1-line in the ZnO:D sample. Here maximum intensity is observed for
the polarizer aligned parallel to the c-axis, but non-zero intensity is revealed
in perpendicular conﬁguration. This strongly indicates that LVMs of two dif-
ferent complexes accidentally possess the same frequency. By using Eq. (7.2),
one determines an angle between the c-axis and the dipole moment due to σDH2
of φ(σDH2 ) ≈ 36◦. The weak 2480 cm−1-line, however, may aﬀect the intensity
of σDH2 in a way that the value in the perpendicular orientation is overesti-
mated. This would, in turn, result in an overestimation of φ(σDH2 ). From the




























































































Figure 7.9: Polarization properties of Y–HDn. (a) Polarized IR absorption spectra
of ZnO:H:D annealed in Ar at Tanneal = 500 ◦C. The spectra were background
subtracted to remove contributions of free carriers and offset vertically for clarity. (b)
Absorbance vs. polarization angle α to the c-axis.
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Table 7.5: Best-fit parameters of the Y–HDn modes using Eqs. (7.1) and (7.2)
obtained from ZnO:H:D.
LVM I1 I0 φ
arb. units arb. units ◦
σDsat 0.025± 0.002 0.000± 0.000 0
σsb −0.008± 0.000 0.007± 0.000 90
σD1 −0.057± 0.000 0.054± 0.000 90
σDH1 0.021± 0.006 −0.014± 0.006 -
σDH2 0.033± 0.001 0.011± 0.000 35.6± 0.3
σD2 0.051± 0.001 −0.002± 0.000 0
DBC 0.032± 0.000 0.000± 0.000 0
best-ﬁt parameters of ZnO:D the intensity ratio of the 2480 cm−1-line to σD1
is determined to be r = 0.28 ± 0.05 (see I0 in Tab. 7.4). This ﬁnding yields
an expected intensity I0 = 0.15 ± 0.003 of the 2480 cm−1-mode in the per-
pendicular conﬁguration of the ZnO:H:D sample. Subtracting this value as a
background from the intensity of σDH2 in this conﬁguration, the minimal angle
φ(σDH2 ) = 0
◦ is obtained. Note that this is only a rough estimation and the
exact value is somewhere in-between the two extremes.
The σDH1 mode is present for all polarization angles, but for 55
◦ ≤ α ≤ 105◦
it is accompanied by a shoulder on the low-energy side. Hence, σDH1 tends
to correspond to a dipole moment oﬀ the c direction, whereas the shoulder
certainly seems to originate from a dipole moment perpendicular to the c di-
rection - similar to σD1 . The non-linear background induced by free carriers
and the low intensity of the two superposing features made it impossible to
further investigate the exact orientation.
The hydrogen-related modes are located in a spectral region with a complex
background. Furthermore, σHD1 and σ
HD
2 overlap, which hampers a reliable
background correction and ﬁtting of the data. Therefore, only qualitative
conclusion can be deduced from the spectra. The σHD2 -line is present for all
conﬁgurations of the polarizer indicating a dipole moment neither parallel nor
perpendicular to the c-axis. This result coincides with the property of its
deuterium counterpart σD2 .
In contrast, the feature labeled σHD1 is only detectable for 55
◦ . α ≤ 105◦.
This behavior deviates from σDH1 , but matches that of its shoulder on the low-
energy side. It appears that σH1 is also accompanied by a shoulder on the left
side as it is observed for σD1 .
As already mentioned, the hydrogen-related modes are much broader than the
deuterium-related ones. A comparison between the spectral ranges of the two
isotopes indicates that the features labeled σHD1 as well as σ
HD
2 are superpo-
sitions of more than one LVM. Resolving these lines is impossible due to an
expected separation of approximately 5 cm−1 but line widths of about 7 cm−1.
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7.2.6 Concentration profiles
Depth proﬁles of LVM(s) provide insight into the distribution of the corre-
sponding defect in the sample which permit conclusions to their microscopic
nature. For this purpose a ZnO:D sample annealed in Ar at Tanneal = 525 ◦C
was prepared for an etching series. The sample surface was removed equally
on both sides (see Fig. 7.10(a)) in an orthophosphoric acid bath for periods
of time in the range 0.5–2.5 h.
Figure 7.10(b) presents IR absorption spectra of the Y–Dn complex together
with DBC, which were recorded after each single etching process. The top
spectrum corresponds to the as-treated sample (D = 1475 µm), whereas the
bottom spectra was obtained from the thinnest sample status (d = 200 µm).
Figure 7.10(c) shows the integrated absorbances of Y–Dn and DBC, normalized
to the value of the as-treated sample, versus the current thickness d of the
sample. The situation of a homogeneous defect distribution is depicted by a
dashed line as a reference. The solid lines are the best-ﬁt curves of a polynomial






This restriction is valid because the defect concentration, which is proportional
to the ﬁrst derivative of the integrated absorbance, is expected to be symmetric
due to the sample treatment conditions. Additionally, the absorbance value
must vanish if the thickness d approaches zero. The slope of the integrated
absorbance is a measure for the defect concentration (see Eq. 2.129). The
removal of the outer sample surface only slightly decreases the absorbance,
whereas towards the bulk the slope becomes steeper. This indicates that the
defect concentration of Y–Xn at the surface is lower than in the bulk. In












bm ∝ 2m(m+ 1)am+1.
(7.4)
The concentration proﬁles deduced from the integrated absorbances are de-
picted in Fig. 7.10(d). The Y–Dn complex reveals maximum intensity in the
sample center. Towards the surface the abundance is strongly reduced and
approaches almost zero. Especially in the near surface region, however, the
concentration proﬁle contains errors induced by the scattering of the integrated
absorbance data points. They suﬀer from the asymmetric line shape and the
non-linear background. This ﬁnally results in an apparent revitalization of the
defects close to the surface.
Since the bond-centered deuterium species is the most stable conﬁguration in




































































































































Figure 7.10: Concentration profile of Y–Dn. (a) Sketch of a symmetrical surface
removal from a sample with initial thickness D down to a certain value d < D. (b) IR
absorption spectra recorded at 4 K of a ZnO sample deuterated at TH = 1000 ◦C
and annealed in Ar gas at Tanneal = 525 ◦C after each removal of the surface
via etching in orthophosphoric acid. The top spectrum represents the as-treated
state (D = 1475 µm) and the bottom spectrum is observed from the sample with
d = 200 µm. All spectra are vertically offset for clarification. (c) Normalized sum
of the Y–Dn peak intensities and the DBC intensity versus sample thickness d. Each
point corresponds to one spectrum in (b). The solid lines are best-fit curves of a fifth
degree polynomial functions. The dashed line shows the case of a homogeneous defect
distribution. (d) Concentration profiles of the Y–Dn-related defect(s) normalized to
the value in the center of the sample. The solid lines are proportional to the first
derivative of the corresponding features in (c). A substitution of the argument d by
d/2 accounts for a symmetric concentration profile and the equal thinning on both
sides.
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Our ﬁndings on the anticorrelation between interstitial and substitutional hy-
drogen (see Chap. 4) indicate, that the formation of DO might results in the
decrease of the Y–Dn concentration at the surface. Raman investigations on a
ZnO:H sample conducted in a similar way as in the present study reveal traces
of HO to a depth of about 500 µm (see Fig. 6.12). That ﬁnding matches the
observation in Fig. 7.10(d), based on which we assign DO as the main cause
for the observed behavior.
Notice that the concentration proﬁle of HBC in Fig. 7.10(d) diﬀers from the
defect distribution directly after hydrogenation (see Fig. 4.4) because of joint
action of two eﬀects. First, thermal treatments at elevated temperatures anneal
lattice defect and complexes which have hindered the formation of HBC in the
sample center. Second, for Tanneal ≥ 300 ◦Cmolecular hydrogen - preferentially
located at the sample center - acts as a source for HBC (see Sec. 6.3.1).
7.3 Discussion
In this section we discuss the results obtained for the Y–Xn complex in the
frameworks of microscopic nature proposed earlier by Haug [40] and Parmar
et al. [41], and establish two alternative models.
7.3.1 General properties
At this point we will brieﬂy summarize the results and draw conclusions:
In ZnO samples treated with only one kind of hydrogen isotope one can observe
modes in two spectral regions: a “low-energy” region (I) and a “high-energy”
region (II), which are separated by about 70 cm−1 (see Fig. 7.2). For both,
deuterium and hydrogen, region I reveals only one LVM. In contrast, region II
exhibits two (four) features in the case of hydrogen (deuterium) doping. The





σD2 ), are established to originate from a single complex. Since the hydrogen
lines are much broader, only in the case of deuterium a sideband, labeled with
σsb, and a line in-between the main modes can be detected. The ZnO:H:D







with diﬀerent polarization properties than the pure modes, but leave region
I unaﬀected. This ﬁndings indicate that the complex contains at least two
non-equivalent hydrogen bonds or three equivalent hydrogen bonds.
The uncommon polarization behavior of the LVM at 2480 cm−1 for ZnO:D
and ZnO:H:D (see Figs. 7.8 and 7.9) clearly shows that the mode belongs to
two diﬀerent defect conﬁgurations with coincidental LVM frequency.
The deuterium lines reveal a larger splitting than the analogous hydrogen lines
(see Figs. 7.4 – 7.6). The harmonic vibrational frequency and the anharmonic-
ity of a diatomic molecule is proportional to µ−1/2, where µ is the reduced
mass of the molecule Y–X (see Sec. 2.3.3). Hydrogen atoms bound to diﬀerent
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trapping atoms would thus result in a larger splitting of the LVMs compared to
deuterium. Such a behavior was previously found for VZnH2 [32], VZnH∗2 [94],
and CuH2 [37]. If hydrogen atoms are instead bound to the same trapping
atom, the splitting behavior is just the opposite, see e.g. H2O [69]. The exper-
imental observations on Y–Xn therefore strongly indicate that the hydrogen
atoms are bound to the same trapping center Y.
The hydrogen-related complex reveals LVMs at about 3300 cm−1 and a
hydrogen-deuterium-frequency ratio of about 1.34. This is in the typical spec-
tral region of N–H and O–H vibrational modes (see Fig. 2.9) making those
bonds favorable for the origin of Y–Xn.
The defect is located in the bulk rather than at the sample surface (see
Fig. 7.10). At the surface (hydrogen-passivated) oxygen vacancies are the
dominant defects resulting in an increased carrier concentration in this region.
Hence, the presence of VO or a high free carrier concentration in conjunction
with a Fermi level close to the conduction band caused by HO (DO) shallow
donors hinders the formation of Y–Xn. This property excludes the oxygen
vacancy as an essential part of Y–Xn.
7.3.2 Model by Parmar et al.
Parmar et al. [41] pre-annealed ZnO samples ﬁrst in oxygen atmosphere to
generate zinc vacancies and second on sodium dispensers for sodium doping.
Afterwards pure hydrogen isotopes were in-diﬀused at 500 ◦C. These authors
only observed the modes of Y–Xn that are, at least partially, aligned perpendic-
ular to the c-axis: σH1 , σ
D
1 , and σsb. The omittance of the sodium-step results in
the appearance of the 3326 cm−1-line rather than in the Y–Xn-related modes.
This ﬁndings prompted the authors to assign the modes to a Na-containing
complex comprising only one O–H bond, which is aligned perpendicular to the
c-axis (see Fig. 7.11(a)). However, these investigations were performed only on
sample with a surface orientation that is parallel to the c-axis. The detection
of modes aligned parallel the c-axis is not allowed in this geometry.
It is indisputable that the modes detected in their and our studies are the same
and thus correspond to the same defect. The mere fact that in our samples
the LVMs appear without any sodium treatment questions the involvement of
sodium in the complex. Notice that in the present study Li–OH appears in
some spectra without intentional lithium doping. This ﬁnding illustrates that
impurities in the starting material might be activated during sample treat-
ments. Moreover, we observe the appearance of the 3326 cm−1 at the expense
of Y–Hn in dependence on the hydrogenation temperature.
Hence, details of the sample treatment play a crucial role for the formation of
Y–Xn. The sodium-process might have inﬂuenced the Fermi-level position via
formation of sodium acceptor states or thermal annealing of existing states.
Reversely, the absence of Y–Xn in the case of skipping this treatment does not
necessarily mean a direct participation of sodium in the defect.








Figure 7.11: Models of the microscopic structure of the Y–Xn complex published
earlier, which contain (a) one O–H bond [41] and (b) two non-equivalent O–H bonds
[40].
In addition, the involvement of only one O–H bond does neither account for
the existence of two separate modes in ZnO sample annealed in isotropically
pure hydrogen nor the appearance of additional modes for the treatment with
mixed isotopes.
Therefore, we rule out this model as a possible explanation of the Y–Xn-lines.
7.3.3 Model by Haug
Haug [40] came up with a model that comprises two non-equivalent O–H bonds
– one aligned along the c-axis and the other oriented perpendicular to c –
directing towards an impurity atom substituting for zinc (see Fig. 7.11(b)).
His conclusion was that for pure hydrogen (deuterium) the modes parallel and
perpendicular to the c-axis are 3321 (2480) cm−1 and 3303 (2465) cm−1. In
the case of an isotopic mixture he claimed that both orientations of hydrogen
(deuterium) exhibit the same LVM frequency at 3315 (2473) cm−1.
This model, however, is insuﬃcient to explain all experimental observations,
and thus needs to be discarded, for the following reasons:
First, the author did not observe the line at 2487 cm−1, which is the dominant
line σD2 of Y–Dn and aligned parallel to the c-axis. It is stated that absorption
due to free carriers prevented the author from recording spectra of ZnO:D in
the spectral region of O–D in the proper sample conﬁguration. Even though
Haug found that the 2480 cm−1-line reveals components perpendicular to the
c-axis, whereas the mode at 3321 cm−1 does not, he assigned the former to
the deuterium counterpart of 3321 cm−1. From our point of view this is a
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misinterpretation of the data and the conclusions drawn therefrom should be
treated with some caution.
Second, the author recognized a complex polarization behavior of the mode at
2480 cm−1. No angular-dependent polarization spectra were recorded, but the
direction of the incident light with respect to the c-axis (k ∥ c and k ⊥ c) was
varied. After the pure deuterium and H2/D2 treatment at TH = 750 ◦C the
2480 cm−1 mode exhibits components perpendicular to c. However, additional
annealing of ZnO:H:D at Tanneal = 800 ◦C in the absence of deuterium reduced
the free carrier absorption and resulted in an orientation fully parallel to the
c-axis. This ﬁnding is not reﬂected in the model by Haug.
Third, the side band σsb which was clearly seen in the spectra is also not
included in his model.
7.3.4 Microscopic nature of Y–Xn
In the following, arguments will be presented that the defect structure is more
compatible with a model consisting of three Y–X bonds. Moreover, it will
be shown that two conﬁgurations are present: a ground state (Y–X3) and
a metastable state (Y–X∗3). Because of the smaller line width, the following
consideration is - without loss of generality - focused on the deuterium-related
modes.
7.3.4.1 Ground state configuration Y–X3 The conﬁguration Y–X3





























with the angle φi between the individual bonds and the c-axis. Each and every
bond can be transformed on the other by a simple rotating of ±120◦ around
the c-axis. The dipole moments of Y–X are aligned parallel to the correspond-
ing bonds. However, equivalent bonds must not be considered independently,
since they form combination modes. The situations of one to three equivalent
non-interacting dipoles bound to one central atom are summarized in App. A.
It can be shown that for complexes with deuterium (hydrogen) bound to indi-
vidual trapping atoms, the relations for the LVM frequencies diﬀer only in the
deﬁnition of the line splitting parameter ∆D [148].
Diﬀerent combinations of hydrogen isotopes are labeled with (XXX). Isotopes
that contribute to a particular LVM are highlighted in boldface.
In the case of a pure deuterium treatment only the conﬁguration (DDD) is
formed, where the three equivalent bonds couple to a twofold degenerated
asymmetric stretch mode perpendicular to the c-axis and a non-degenerated
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symmetric stretch mode parallel to the c-axis:
σ1,2(DDD) =
√











µ and the shift parameter ∆D depending on the nature of the
trap center as well as the angle φi. The annealing in an isotopic mixture
results additionally in the formation of (DDH) and (DHH). In the former
conﬁguration the hydrogen atom vibrates with its eigenfrequencies, whereas the
identical deuterium bonds result in one asymmetric mode σ1(DDH) aligned
perpendicular to the c-axis and one symmetric mode σ2(DDH) aligned in
dependence on the orientation of the single bonds. The second conceivable
isotope combination (DHH) analogously results in one single deuterium mode












σ(DHH) = σD, φDHH = φi. (7.10)
In this scenario σ1,2(DDD) and σ3(DDD) match the experimental proper-
ties of σD1 and σ
D
2 , respectively. Based on this, we assign σ
D
1 to the asym-
metric combination mode of (DDD) and σD2 to the corresponding symmetric
mode of Y–D3. From the detected LVM frequencies one easily determines
σD = 2472.8 cm−1 and ∆D = 190.6 cm−1. Furthermore, σ1(DDH) and
σ2(DDH) coincide with σD1 and σ
DH
2 . From the experimental observations
one can deduce σD = 2472.8 cm−1 and ∆D = 190.7 cm−1. These ﬁndings
match the value obtained from (DDD). The marginal deviation between the
two conﬁgurations indicate a negligible inﬂuence of the isotopic constitution on
the local defect structure. The single mode σ(DHH) corresponds to the σDH1
with the parameter σD = 2472.5 cm−1 being in line with the above-mentioned
ﬁndings.
The dipole moments of the symmetric deuterium mode σ1(DDH) are given by
D
+
ij = (di + dj)/
√
2 (i, j = 1, 2, 3 with i ̸= j). By the use of Eq. (7.5), the
relation between the angle φ+








4− 3 cos2 φ+
DDH
(7.11)
Substituting the experimental value of φ+
DDH = 35.6± 0.3◦ in Eq. (7.11) gives
for the orientation of the individual Y–D bond φi = 55.1± 0.3◦. The expected
intensity ratio of light polarized perpendicular and parallel to the c-axis from
a dipole with this bond angle φi is I⊥c/I∥c = 1.03± 0.02 (see Eq. (7.2)). The
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experimental data of σDH1 were not suitable to ﬁt the polarization behavior.
However, from the spectra in Fig. 7.2.5.3 one can derive an intensity ratio in
the same order of magnitude.





and σD2 and their polarization properties are in support of a complex comprising
n = 3 equivalent deuterium bonds (Y–D3).
7.3.4.2 Metastable configuration Y–X∗3 The weak side bands σDsat
(2428 cm−1), σsb (2461 cm−1), and the 2480 cm−1-mode that appear both in
the ZnO:D and ZnO:H:D samples can be understood in terms of a metastable
conﬁguration Y–D∗3 comprising two equivalent bonds in the basal-plane (φ∗i )
and one bond aligned almost parallel to the c-axis. In order to account for the
diﬀerent orientation of the latter bond, the notation (XXX∗) is used. Accord-
ing to our experimental results in the (DDD∗) arrangement, σDsat corresponds
to the parallel mode, whereas σsb and the 2480 cm−1-mode are the antisym-
metric σ1(DDD∗) and symmetric σ2(DDD∗) stretch modes of the equivalent
bonds. In analogy to Eqs. (7.8) and (7.9) the LVM frequencies of the latter














with the ﬁt values σ∗D = 2470.5 cm
−1 and ∆∗D = 216.7 cm
−1. By applying
Eq. (7.11) the experimental angle φ+DDD∗ = 73.2 ± 18.9◦ corresponds to a
bond angle of the two equivalent bonds φ∗i = 81.4± 11.2◦.
In the cases of mixed isotopes one has to distinguish between four diﬀerent
conﬁgurations: (DDH∗), (DHD∗), (DHH∗), and (HHD∗). Since only little
eﬀect on the LVM frequencies for diﬀerent isotopic constitutions in the Y–D3
defect is observed, the same is expected for Y–D∗3. This implies, ﬁrst, that the
deuterium-related LVMs of (DDH∗) and (HHD∗) in ZnO:H:D would coincide
with those of (DDD)∗. Second, the conﬁgurations (DHD∗) and (DHH∗) should
reveal one additional deuterium mode at σ(DHD∗) = σ(DHH∗) = σ∗D with the
angle φDHD∗ ≈ φ∗i . Indeed, in Fig. 7.9 only one weak shoulder next to σDH1
appears at 2470.5 cm−1, which is aligned almost perpendicular to the c-axis.
Note that this feature is not present in ZnO:D (see Fig. 7.8).
This observations directly prove the existence of only two equivalent bonds in
the defect conﬁguration Y–D∗3.
7.3.4.3 Hydrogen motion within Y–X3 Figure 7.12 schematically de-
picts the conﬁguration diagram of Y–X3 and Y–X∗3. A change of the defect
conﬁguration can be understood in terms of a jump of an atom or a molecule
between two binding positions. The corresponding conversion time τ is given
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Here ν0 is the attempt frequency, typically equal to the TO phonon frequency
(νZnO0 = 1.17×1013 s−1), and Ea is the activation energy of the process. After
transposing Eq. (7.14) one can estimate the latter quantity
Ea = kTa ln (ν0ta), (7.15)
with Ta and ta being the temperature and the corresponding time for which the
metastable defect starts to become depopulated. For temperatures exceeding
the crucial temperature Ta, the population ratio and thus the intensity ra-
tio is given by a Boltzmann distribution, which is determined by the energy
diﬀerence ∆E between the conﬁgurations.
The Y–X3 to Y–X∗3 mode intensity ratio, however, remains constant for all
conditions (200 ≤ Tanneal ≤ 700 ◦C, ta = 1 h). This ﬁnding can be explained,
on the one hand, by an energy barrier Ea > 3.2 eV between the two conﬁgu-
rations which prevents the inter-conversion in the temperature window of the
defect stability. On the other hand, an energy barrier Ea < 1.6 eV in con-




















Figure 7.12: Configuration diagram of Y–X3 and Y–X∗3. The difference of the
potential well depth of Y–X3 and Y–X∗3 is labeled with ∆E. The activation energy
Ea corresponds to the height of the potential barrier between the two configurations.
Vibrational energy levels, the combination LVMs σX1 and σ
X
2 of (XXX) in Y–X3, and
the mode splitting ∆σ are depicted schematically.
7.3. Discussion 149
defect states would lead to the equilibrium directly after quenching the sam-
ple to room temperature after hydrogenation and an almost constant intensity
ratio.
For comparison, the zinc vacancy passivated by two deuterium atoms reveals
Ea = 0.98± 0.12 eV (Ta = 30 ◦C) and ∆E = 72± 9 meV between the ground
state VZnD2 and the metastable state VZnH∗2 [94]. In this defect the alignment
of the O–D bond parallel to the c-axis is energetically preferred.
In the next two sections the chemical nature of the trapping center Y in Y–X3
and Y–X∗3 is discussed.
7.3.5 Model of NH3
7.3.5.1 Defect parameters Figure 7.13 presents a sketch of the local
defect structure due to the ground state conﬁguration Y–X3, which is based
on the conclusions drawn in Sec. 7.3.1.
The force constant of the three bonds between atoms of type Y and X (hydro-
gen/deuterium) is labeled with f , whereas the bond angles are called ϑ. In the
C3v point group symmetry of the ZnO crystal, the equality of the Y–X bonds
is guaranteed only if the three-fold symmetry axis of the molecule is aligned
parallel to the c-axis. In this arrangement the angle between each Y–X bond
and the symmetric axis is refereed to as φi. The Y–X bonds are represented
by the dipole vectors in (7.5). A simple geometric consideration yields the
relation between the two angles ϑ and φi:
3 cos2 φi = 2 cosϑ+ 1. (7.16)
The vibrational frequencies of this defect structure can be obtained from









Figure 7.13: Microscopic structure of Y–X3 comprising three equivalent Y–H(D)
bonds in (a) side view perpendicular to the c-axis and (b) top view along the c-axis.
The force constant of the Y–X bonds and the angle between two bonds are labeled
with f and ϑ. The angle φi to the three-fold symmetry axis is a function of ϑ.
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Sec. 2.4.2): ∥∥∥Fˆ Gˆ− σ2Eˆ∥∥∥ = 0, (7.17)
with the corresponding matrices in the coordinate system of the Y–X bonds
Fˆ =











Here n describes the interaction between two Y–H(D) bonds , mY characterizes
the mass of the central atom Y, 1/µ = 1/mY + 1/mH(D) with mH = 1.008 u,
mD = 2.014 u, and the other parameters as described above. The occupation
of the positions in (XXX) with mixed hydrogen isotopes is expressed by the
substitution of the corresponding reduced mass µ in (7.19). This formalism is
similar to the considerations in the previous section and in App. A. The only
diﬀerence is the inclusion of bond-bond-interactions. The eigenfrequencies of






















The experimental LVM frequencies, which were obtained from ZnO samples
treated with diﬀerent hydrogen isotopes, serve as boundary conditions for the
system of Eqs. (7.17)–(7.19). The best-ﬁt parameters determined by using
a least-square ﬁtting routine are summarized in Tab. 7.6 together with the
experimental values.
Within this model of Y–X3, the LVMs match the experimental observations
regarding the frequencies and the polarization properties. In particular, the
angle φi between the Y–H(D) bonds and the symmetry axis is in excellent
agreement with the results deduced from the polarization measurements. Note
that we did not include any information on the angles in the initial parameters
of the ﬁtting routine. Hence, this ﬁnding strongly supports the validity of this
model. Furthermore, the low ratio n/f ≈ 7×10−4 indicates a weak interaction
between the Y–H(D) bonds.
The thermal behavior of the defect parameters f(T ), n(T ), mY (T ) and ϑ(T )
are determined analogously from the LVM frequencies in the range of 4–70 K
(see Sec. 7.2.4). The results, presented in Fig. 7.14, demonstrate that in the
covered temperature range n(T ) is decreased by about 12 %, whereas the
other parameters remain unaltered. As a consequence of this analysis, the
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Table 7.6: Best-fit parameters of Eq. (7.17) for the LVMs of Y–X3 within the model
of three equivalent hydrogen atoms bound to one trap atom Y. In the first column,
the vibrating isotopes of a certain LVM are highlighted in bold type, whereas the
symmetry of the mode is given in the second column. In the next columns, the
LVM frequencies and the polarization properties deduced from the experiment and
the applied model are contrasted. The polarization angle is given with respect to the
c-axis. The LVM frequencies in italic font were not taken into account for the fitting
process, because of their line width and overlapping of other modes.
Mode σ (cm−1) Polarization angle (◦)
isotopes notes exp. model exp. model
DDD (σD1 ) asym. 2465.4 2465.4 90 90
DDD (σD2 ) sym. 2487.4 2487.4 0 0
DDH asym. - 2465.4 - 90
DDH (σDH2 ) sym. 2480.1 2480.0 35.6± 0.3 36.3
DDH (σHD1 ) single 3304.8 3308.6 - 53.7
DHH (σDH1 ) single 2472.6 2472.6 - 53.7
DHH asym. - 3302.5 - 90
DHH (σHD2 ) sym. 3315.5 3314.5 - 36.3
HHH (σH1 ) asym. 3302.5 3302.5 90 90
HHH (σH2 ) sym. 3320.4 3320.4 0 0
f = 574.45 N/m mY = 7.66 u ϑ = 88.55
◦
n = 0.38 N/m φi = 53.71
◦
thermal shift of the LVMs is mainly induced by the weakening of the bond-
bond interaction. This ﬁnding can be understood in terms of an enhanced
screening due to an increased electron charge density at the position of the
complex. The local arrangement of the bonds in Y–X3, however, does not
change with the temperature.
7.3.5.2 Identification of Y The obtained mass of the unknown trapping
center mY = 7.66 u is close to that of 7Li (mLi = 7.016 u) [69]. This impurity
is commonly incorporated in ZnO by using the HT growth technique. In
the crystal the atom can both substitute for zinc (LiZn), where it acts as an
acceptor, and be positioned at an interstitial lattice site (Lii), where is forms a
shallow donor [27]. The hydrogen-passivated complex OH–LiZn, which reveals
a LVM at 3577.3 cm−1 [33, 34, 36], serves as a benchmark for the lithium
concentration. In the investigated ZnO samples, grown from the vapor-phase,
it is typically nLi < 1015 cm−3 [162], whereas some samples contain a higher
concentration. However, the Y–X3 modes do not show a correlation with OH–
LiZn. In addition, the electronic conﬁguration of Li in the substitutional and
interstitial position is incompatible with the formation of three (equivalent)
Li–H bonds, which are expected to reveal LVMs close to 1359 cm−1 [274].
With regard to these arguments lithium is discarded as the component Y.
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Figure 7.14: Temperature dependence of the defect parameters f(T ), n(T ), mY (T ),
and ϑ(T ) of Y–X3 in the framework of the valence force approximation. The pa-
rameters are determined from the temperature-dependent LVM frequencies by using
Eqs. (7.17)–(7.19). All point are given with respect to the values obtained at 4 K.
The value of mY, however, is identical to the corresponding atom only in
the case of an individual Y–X3 molecule. If Y is chemically bound to the
lattice, the impurity mass mY gets aﬀected by the coupling to the nearest host
atom Z [275]. In this scenario one can assume that the ﬁtting value of mY is in
fact the reduced mass of the two binding partners µYZ. Since in the literature
the Y–X3 lines were reported in ZnO samples grown with various techniques,
the binding partner Z is unlikely to be an impurity atom but a host atom. With
the known masses of oxygen (mO = 15.999 u) and zinc (mZn = 65.39 u) [69],
the real value of mY is 14.7 u or 8.7 u. These ﬁndings point to nitrogen
(mN = 14.007 u) or beryllium (mN = 9.012 u) [69] as potential candidates for
Y. We favor nitrogen bound to a host oxygen for the following reasons:
(i) Beryllium owns only two valence electrons. Thus it is not able to trap three
hydrogen atoms and form an additional bond with zinc. The two remaining
valence electrons of nitrogen in ammonia, however, can form a dative bond
with a nearby oxygen atom.
(ii) Nitrogen is used as a carrier gas for the transport of hydrogen during the
crystal growth [162]. Additionally, during annealing steps at elevated temper-
atures in Ar gas ﬂow the samples surface probably got in contact with residual
nitrogen gas from the surrounding air. A prolonged storage at T ≥ 700 ◦C
in nitrogen atmosphere yields an eﬀective in-diﬀusion of nitrogen atoms [276].
Hence, nitrogen is already present in ZnO without any additional treatment.
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(iii) Vibrational properties of a molecule embedded in a crystal are altered
by the interstitial electronic charge, which weakens the intermolecular bonds.
This inﬂuence generally causes a decrease of the vibrational frequencies com-
pared to the free molecules (see e.g. Ref. [228, 277–280]). Gaseous ammonia
NH3 (ND3) reveals a non-degenerated symmetric stretch mode at σasym =
3337(2420) cm−1, whereas a twofold degenerated asymmetric stretch mode is
located at σasym = 3444(2564) cm−1 [69]. The individual N–H(D) mode, which
is approximately given by σind = (σsym + 2σasym) /3 = 3408 (2516) cm−1, ex-
ceeds the single mode of the Y–X3 defect by only 2–3 %. This behavior matches
the common red-shift of the molecule’s frequencies. Notice that the energetic
order of the N–H combination modes strongly depend on the bond angle ϑ and
the bond-bond interaction n. The local arrangement of the ammonia bonds in
ZnO diﬀers from that of the gaseous species ϑgaseous = 106.7◦ [69].
(iv) Recent ﬁrst-principles calculations performed by Bang et al. [281] indi-
cate that under oxygen-rich conditions ammonia bound to oxygen at a zinc
vacancy (NH3)Zn is thermodynamically the most stable nitrogen-related com-
plex in ZnO. This neutral defect may exist in two conﬁgurations: one with
the molecular symmetry axis aligned parallel to the c-axis and the other ly-
ing in the basal plane. When trapping an additional hydrogen atom from the
surrounding, the acceptor (NH4)Zn is formed.
(v) In the present investigations Y–X3 lines were always accompanied by signals
of VZnH2 and/or VZnD2 unambiguously proving the presence of zinc vacancies
in the samples. These defects are known to originate from hydrogenation at
TH ≥ 725 ◦C [32, 260]. From the thinning experiment, Y–X3 is known to be
located preferentially in the center of the sample – in the absence of hydrogen-
passivated oxygen vacancies (HO) (see Chap. 4). The elevated temperature
TH = 1000
◦C, which is necessary for the formation of Y–X3, has basically
three eﬀects. First, the solubility limit of hydrogen in ZnO is enhanced by
about one order of magnitude compared to TH = 725 ◦C [19], which increases
the number of fast-diﬀusing interstitial hydrogen. Second, the results obtained
from molecular hydrogen (see Chap. 6) indicate the formation of vacancies and
vacancy clusters in the center of the sample, which are partially ﬁlled with H2.
Third, the Fermi level is pushed deep into the band gap. The latter point
is worth mentioning due to the fact that in HT-ZnO samples the Y–X3 lines
already appear after annealing in hydrogen atmosphere at TH = 600 ◦C [282].
This kind of samples show a self-compensating behavior due to the Li-related
acceptor-donor equilibrium, which leads to a deeper Fermi level compared to
our specimen grown from the vapor-phase. Hence, at a given temperature TH
the formation of Y–X3 is energetically more favorable in HT-ZnO.
Based on the above-mentioned facts and our experimental results, we tenta-
tively assign the Y–H3 modes to N–H modes of (O=NH3)∥ in the zinc vacancy
with the O=N bond align parallel to the c-axis and Y–X∗3 to the metastable
conﬁguration (O=NH3)⊥ with the O=N bond lying in the basal plane of the
wurtzite structure.
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7.3.5.3 Charge states Samples were illuminated with subband gap light
in diﬀerent energy ranges after cooling down below 8 K in order to induce
possible transition to a diﬀerent charge state. However, no additional LVMs
appear in the spectra. This ﬁnding is in accordance with the proposition by
Bang et al. [281] that (NH3)Zn is in the neutral charge state for all Fermi level
positions in the band gap.
7.3.5.4 Formation of (NH4)Zn Bang et al. [281] proposed the formation
of ammonium (NH4)Zn under n-type conditions and in the excess of intersti-
tial hydrogen. After the capture of an H+, the molecule is released from the
host oxygen atom. The tetrahedral symmetry of the free NH4 is reduced to
the local C3v point symmetry of the zinc vacancy, with one individual N–H
bond aligned parallel to c-axis and three identical bonds located in the basal
plane. The authors claimed, however, that the degeneracy of two electronic
states of ammonium results in a Jahn-Teller distortion [283]. This eﬀect would
manifest itself in an expansion of one of the three oﬀ-axis N–H bonds (Cs point
symmetry). From the perspective of group theory this complex exhibits four
diﬀerent LVMs.
We evaluated the polarization properties and the isotope eﬀect of the LVMs
of NH4, which are incompatible with our experimental observations. A more
detailed analysis of the isotope eﬀect of Y–X3 was recently carried out by
Herklotz [282], who implanted several ZnO samples with H:D ratios in the
range 0:1 - 1:1. The relative intensities of the LVMs in the range 2465 –
2487 cm−1, depending on the isotope constitution, perfectly ﬁt the behavior
of a Y–H3 molecule. These ﬁndings deliver strong arguments that rather NH3
than NH4 causes the modes under investigation.
7.3.5.5 Decay channels of the vibrational modes Finally, we com-
ment on the isotope eﬀect of the line width Γ of the (O=NH3)∥ modes. This
property is inversely proportional to the vibrational lifetime Γ = (2πcτ)−1.
As already mentioned in Sec. 7.2.2, the lower zero-point energy accounts for a
slightly longer lifetime of deuterium-related vibrations.
In the present study the vibrational lifetimes due to deuterium and hydro-
gen diﬀer by a factor of about four. In ZnO a deviation by the same value
was obtained earlier for the OH(D)–Li defect [36, 184]. Moreover, a pro-
nounced isotope eﬀect on the vibrational lifetime of hydrogen-related LVMs
has been reported for various defects in Si (see e.g. Refs. [89, 183, 284–286])
and GaAs [287]. For a long time period the theoretical description of the vi-
brational lifetime was based on the decay into bulk phonon modes [288–291],
where the probability of the scattering process decreases with increasing num-
ber of required phonons. This explanation, however, was facing serious prob-
lems, because only bulk phonon were not suitable to account for the observed
isotope eﬀect. Recently, West and Estreicher [185, 292] and Gibbons et al.
[293] established a ﬁrst-principles approach, which can explain the results in
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the literature. The authors stated that modes, which are more localized than
lattice phonons – e.g. defect-related resonant modes, pseudo-LVMs and LVMs
in the immediate surrounding with energies below the actual LVM frequency –
can act as additional and eﬃcient receiving modes. The access to these decay
channels and the associated enhancement of the decay process strongly depend
on the isotope-related LVM frequencies.
In the case of O=NH3, the low-frequency symmetric and asymmetric bend
modes of the N–H(D) bonds, and the nearby O=N stretch mode are po-
tential receiving modes. The gas-phase values 950 (748) cm−1 (sym.), 1627
(1191) cm−1 (asym.) [69], and 1876 cm−1 (O=N) [274] are expected to be
altered by the coupling to the crystal. In particular, the bend modes should
reveal rather diﬀerent frequencies due to the signiﬁcant rearrangement of the
individual bond angles. We performed high-resolution IR measurements in
the spectral region of interest in order to detect these modes. The presence
of water-related absorption lines hampers the detection of weak signal sin the
range 1200–1850 cm−1, which prevented us from the direct identiﬁcation of
the aforementioned modes.
Theoretical calculations of the defect geometry and the vibrational modes due
to O=NH3 are indispensable for the clariﬁcation of the decay channel and
also for validation of this model. Preliminary results based on DFT yield for
(NH3)Zn in ZnO frequencies below 2900 cm−1 [294]. The interaction with
the nearest oxygen neighbors of the zinc vacancy (N–H· · ·O) is proposed to
cause the reduction of the vibrational frequency. Hence, the assignment of the
complex to ammonia is not yet deﬁnitively clariﬁed.
An experimental route to the defect symmetry would be provided by uniaxial
stress measurements. Compressive strain applied along selective crystal axis
results in a perturbation of the local defect potential and symmetry. As a con-
sequence, electronic and/or vibrational transitions shift and/or split (see e.g.
Refs. [177, 260, 295–298]). These information give direct insight into the nature
of defects as well as the reorientation barrier Ea between two defect conﬁgura-
tions. In the present study the integration time per high-resolution spectrum
was about 2 h. An essential reduction of the high noise level would imply an
excessive increase of the integration time - probably exceeding the lifetime of
a ZnO sample under uniaxial stress. A sophisticated sample adjustment shows
promising improvements for future investigations [282].
7.3.6 Model of VZnH3
This section is dedicated to the isotope eﬀect on the LVM splitting as a criteria
of exclusion of complexes Y–X3 and Y–X∗3 in which hydrogen atoms form bonds
not with a single trap atom Y, but with three equivalent trap atoms. As a
results, the zinc vacancy ﬁlled with hydrogen atoms (VZnHn) is discussed as
an alternative defect structure.
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7.3.6.1 Isotope effect in flat potential wells Vibrational energy levels
E(ν) and the vibrational transition Q1 (ν = 0 → ν = 1) are proportional to
µ
−1/2
X (see Sec. 2.3.4). Thus the splitting of the two hydrogen-related combi-
nation modes σH1 and σ
H
2 is expected to scale with the same factor:





(σD2 − σD1 ) ≈ 1.34∆σD (7.22)
This dependence on the isotope mass is the major argument to discard com-
plexes Y–X3 with three separate Y–H bonds. Note that the relations in
Secs. 2.3.2 and 2.3.4 are derived from the assumption of low vibrational excita-
tion, i.e. for energy levels positioned deep in the potential well (E(ν)/Ea ≈ 1).
In this case the intersection of the two potential wells due to Y–X3 and Y–X∗3
(see Fig. 7.12) does not aﬀect the vibrational states.
The situation is diﬀerent if the potential is ﬂat, which means that only a few
bound vibrational states may exist. Here, the ν = 1 states are inﬂuenced
by the deviation from the unperturbed single potentials. Since this pertur-
bation depend strongly on details of the overlap between the two potential
wells (e.g. well depth, well separation, and the shape of the intersection), only
qualitative conclusions can be drawn. In general, the potential barrier is ﬂat-
tened compared to the unperturbed systems. Consequently, the deviation from
the harmonic approximation and thus the anharmonicity parameter increases.
This eﬀect becomes more pronounced for vibrational states positioned higher
in energy. In particular, the excited vibrational states ν = 1 of hydrogen
are characterized by a larger anharmonicity than the deuterium counterparts.
Hence, the splitting of hydrogen-related LVMs decreases more than that of the
corresponding deuterium modes. The fact that the hydrogen-related lines are
much broader emphasizes the role of anharmonic eﬀects on these modes.
Another inﬂuencing factor can be the spatial extension of the wave function of
the hydrogen isotopes, i.e. hydrogen is more spread than deuterium. Provided
that in a given defect structure Y–X3 the three wave functions do overlap, a
stronger repulsion is expected for Y–H compared to Y–D. In consequence, not
only the energy levels but even the shape of the potential function would show
an isotope eﬀect.
These two aspects are, in principle, suitable to account for the experimental
observation ∆σD > ∆σH of Y–D3 and Y–H3.
7.3.6.2 Configurations of VZnH3 Arguments presented in the previous
sections indicate that the zinc vacancy is an essential part of the complex
under examination. Consequently, a potential constellation is the hydrogen-
decorated VZnH3 comprising three O–H bonds. Of these bonds, either all
are positioned in the basal plane (VZnH3) or only two are oriented this way,
whereas one O–H bond is aligned parallel to the c-axis (VZnH∗3) – see Fig. 7.15.
From the viewpoint of the hydrogen bond alignment, the donor-type VZnH3









Figure 7.15: Alternative model of the microscopic structure of the Y–Xn complex
based on two configurations of the zinc vacancy decorated with three hydrogen atoms:
(a) VZnH3 and (b) VZnH∗3.
Theoretical calculations on VZnHn (n = 1, . . . , 4), however, yield contradictions
regarding the formation and stability of conﬁgurations with n ≥ 3 [27, 262,
263]. It was established that the equilibrium occupancy of all states n depends
crucially on the ratio rH−V of the number of interstitial hydrogen atoms Hi and
available zinc vacancies [262]. A larger Hi concentration, i.e. a higher value
of rH−V, favors the ﬁlling of VZn with a higher number n of hydrogen atoms.
More recent calculations support this conclusions and reveal LVM frequencies
of all VZnHn (n = 1, 2, 3) complexes in the range 3300-3470 cm−1 [299, 300].
In addition, it is proposed that the conﬁguration VZnH3 is energetically more
favorable by ∆E = 0.18 eV than VZnH∗3 and that the barrier height is Ea ≈
0.25 eV [299]. Experimental evidence of VZnHn is presented only for n = 2
in the conﬁgurations VZnH2 [32] and VZnH∗2 [94], whereas the assignment of a
mode at 3326 cm−1 to VZnH is still under debate [31, 35, 38, 96–98].
In this context the formation and annealing process of the VZnH3 can be con-
sidered in terms of VZnHn ripening. Hydrogenation at TH = 750 ◦C gener-
ates VZnH (3326 cm−1) and VZnH2 (see Fig. 7.1). Following annealings at
Tanneal = 200
◦C liberate hydrogen atoms from HBC, which can be trapped by
the vacancy. This accounts for the observed gain of VZnH2 at the expense of
VZnH. Hydrogenation at TH = 1000 ◦C increases the hydrogen concentration
in ZnO about one order of magnitude - pushing the ratio rH−V to higher val-
ues. Hence, for Tanneal < 200 ◦C, at which HBC remains stable, only VZnH2 is
formed in the sample (see Fig. 7.3(c)). Heat treatments at elevated tempera-
tures result in the appearance of VZnH3, again, via trapping HBC. In summary,





BC → VZnH(m−1)n+1 , (7.23)
with the negative charge state m. These arguments strongly support the as-
signment of the 3326-cm−1 line to VZnH and the Y–H3 complex to VZnH3.
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Moreover, the activation energy Ea ≈ 2000 cm−1 [299] for the VZnH∗3-to-VZnH3
conversion is consistent with the required case of a ﬂat potential well. Note
that the value of Ea is not necessarily equal to the depth of the vibrational
potential, because the diﬀusion path of the hydrogen atom may deviate from
the direction of the stretch vibrational mode.
An unambiguous assignment of the complex under investigation to VZnH3,
however, is not possible due to the lack of a quantitative consideration of the
isotope eﬀect on ∆σX.
7.4 Conclusions
In this chapter an IR absorption study on the Y–Xn vibrational modes, whose
microscopic nature is controversially discussed in the literature, is presented
For the ﬁrst time polarization selective measurements and thinning experi-
ments were conducted. In combination with group theoretical analysis and
modeling of the lattice potential in the valence force approximation, the exper-
imental results give evidence for a complex comprising three hydrogen bonds
and a zinc vacancy. Two stable conﬁgurations Y–H3 and Y–H∗3 are established
to coexist, which diﬀer in the orientation of internal bonds to the c-axis.
This ﬁndings clearly disprove earlier assignments to complexes containing only
one or two hydrogen bond(s) [40, 41]. Within the framework of recent theoret-
ical calculations and the present experimental observations, ammonia bound
to a nearby oxygen atom in the zinc vacancy (O=NH3) and a zinc vacancy
assembled with three hydrogen atoms (VZnH3) are discussed as microscopic
origin for Y–X3.
Accurate theoretical considerations regarding the LVMs of ammonia in ZnO
and the extraordinary isotope eﬀect of the splitting of the combination modes
due to VZnH3 will be vital contributions for future work. Moreover, uniaxial
stress measurements will provide insight in the local defect symmetry and the
activation energy for a reorientation of Y–H3 and Y–H∗3.
Chapter 8
Summary and outlook
The objective of the present thesis is the investigation of the optical and elec-
trical properties due to HO, HBC, H2, and a complex Y–Xn and their interplay
in ZnO. The motivation of this work is based on the necessity to ﬁll the gaps in
understanding the role of hydrogen for the native n-type conductivity of this
material in the present literature and validation of theoretical studies on these
defects.
The measurements identiﬁed the LVMs of hydrogen substituting for oxygen
(HO) at 742 and 792 cm−1 in the neutral charge state. In this complex hydro-
gen is tetrahedrally coordinated to the nearest zinc atoms, with the local C3v
point symmetry been conserved. These experimental ﬁndings conﬁrmed earlier
theoretical predictions that hydrogen trapped in the oxygen vacancy is fourfold
coordinated, rather than bound by a single zinc atom [22, 24]. The identiﬁca-
tion of the LVMs and the correlation with a shallow donor transition 1s→ 2p
at 265 cm−1, observed already in earlier PC and PL studies [21, 70, 71], un-
ambiguously veriﬁes the proposed defect structure of this hydrogen shallow
donor. The 1s → 2s shallow donor transition of HO is identiﬁed at 273 cm−1
by means of Raman spectroscopy. The intensity of electronic shallow donor
transitions using this measurement technique is strongly increased, since the
energy of the incident laser is in resonance with an electronic transition of the
host crystal [21, 110]. Raman measurements enable recording the defect con-
centration proﬁle along the whole sample cross-section, which outperforms PL
and PC measurements that are only sensitive to near surface regions [21, 73].
HO is found to be preferentially located at the surface due to out-diﬀusion of
oxygen during sample processing - in accordance with recent PL results [73].
The correlation between the defect concentration and the strength of the Fano
interaction clearly demonstrates that HO is the dominant shallow donor at the
surface. Unexpectedly, the energy of the 1s → 2s transition is found to scale
with the HO defect concentration.
The investigations carried out made it necessary to increase the hydrogenation
temperature compared to earlier studies. An analysis of the concentration pro-
ﬁle due to HBC unambiguously shows that directly after introducing hydrogen
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at 1000 ◦C into ZnO the formation of HBC is hindered at the sample surface
on the one hand and directly at the sample center on the other hand. The
former eﬀect is due to the formation of oxygen vacancies, which are partially
occupied by hydrogen atoms forming HO. In the wake of the high tempera-
ture treatments, however, lattice imperfections were also formed in the bulk
that prevent the formation of HBC. Potential candidates for such defects are
proposed to be vacancies clusters as indicated by the results on H2 and hy-
drogen traps that are unidentiﬁed at this stage. The 1s → 2s(2p) shallow
donor transition of HBC is blue-shifted, similar to HO. However, the deviation
from the “unperturbed” value is nearly constant across the entire cross-section
under consideration. The origin of this behavior is assigned to homogenous
distributed local strain with p = 0.20± 0.03 GPa. This conclusion is based on
PL studies of the stress-dependence of donor-bound excitons [172] and Haynes
rule [70, 71, 173, 174] in ZnO reported previously.
A comprehensive Raman study reveals the characteristics of molecular hydro-
gen in ZnO, which is established to be stable in the temperature range 300–
700 ◦C. Evidence is presented that during thermal processing at all of these
temperatures H2 releases atomic hydrogen, which serves as a source for HBC
and HO shallow donors. This ﬁnding unequivocally identiﬁes the hydrogen
molecule as the major source for prolonged n-type conductivity and clariﬁes
why treatments of ZnO material at elevated temperatures are insuﬃcient to
suppress shallow donors. Based on this insight, the “hidden hydrogen” species
in ZnO - a concept originally introduced to account for partial recovery of HBC
in earlier IR studies [25] - is unambiguously identiﬁed as H2. It is shown that
the molecule is practically a nearly free rotor. An ortho-to-para conversion
between the nuclear spin states 1 and 0 of the molecule at 79 K was found to
occur within 7.5 h, whereas the back conversion at room temperature occurs
faster than 0.5 h. An interaction with the magnetic moment of nearby zinc
atoms is discussed as a potential mechanism for this behavior. The integration
of the present results in the context of ortho-para conversion of H2 trapped at
various lattice sites in Si [232–234, 238, 241, 253, 254] contributes to a com-
mon understanding of this process in semiconductors. Further impact of a
weak H2-host interaction manifests itself in a coupling of transitions between
rotational states of the molecule and lattice phonons, which in turn inﬂuences
the ro-vibrational properties. An unforeseen shift of the H2 LVM frequencies
with annealing temperature and time is related to thermal anneal of lattice
imperfections in conjunction with ripening of the H2 trapping centers. The as-
signment of interstitial lattice sites and/or larger vacancy clusters as the most
likely position of H2 resolves the lengthy controversy in theoretical publication
on this issue [20, 27–29, 91, 262].
An IR absorption study of ZnO focuses on three deuterium-related LVMs at
2461, 2465, and 2487 cm−1, which were previously assigned to Na–D [41] and a
complex consisting of two O–D bonds [40], respectively. The complex is found
to be stable up to 650 C. Polarization sensitive measurements on ZnO sam-
ples treated with diﬀerent hydrogen isotope combinations in conjunction with
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group theoretical analysis and modeling of the lattice potential give evidence
that, in contrast to the original identiﬁcations, the complex comprises three
hydrogen bonds Y–D. Moreover, the results indicate the existence of a ground
state conﬁguration Y–D3 with three equivalent hydrogen bonds aligned per-
pendicular to the c-axis and a metastable conﬁguration Y–D∗3, at which one
bond is aligned parallel to the c-axis. The concentration proﬁle of the defect
and the ﬁndings on H2 in high temperature treated ZnO strongly indicate that
the zinc vacancy is a fundamental component of the defect structure. Based to
the present study, and by reﬂecting recent theoretical calculations [281, 299]
and work done earlier [40, 41], ammonia bound to oxygen in the zinc vacancy
(O=NH3) and the zinc vacancy assembled with three hydrogen atoms (VZnH3)
are assigned as the most potential origins for the complex. The two conﬁgura-
tions of the former defect structure, (O=NH3)∥ and (O=NH3)⊥, diﬀer in the
alignment of the O–N bond with respect to the c-axis. Contrarily, in VZnH3
and VZnH∗3 only one O–H bond shows a modiﬁed orientation to the c-axis.
This study reveals direct insight into the interplay of HBC, HO, and H2, which
is established to strongly depend on the processing conditions. In ZnO material
that contains hydrogen, but did not receive a thermal treatment above 200 ◦C
the HBC species is the dominant hydrogen shallow donor, whereat HO is only
present at the sample surface. The overall concentration of these donors is
increased at the surface, which is reﬂected in a stronger aﬀect on the LO
phonon mode due to Fano resonance with the electronic shallow donor states.
After annealing at 200–300 ◦C the quenching of HBC liberates hydrogen atoms
that serve as a source for the formation of both HO at the sample surface
and H2 in the sample center. This ﬁnding supports an earlier formation path
of hydrogen molecules by two HBCs [38]. The strong relative increase of the
concentration due to HO veriﬁes the theoretical prediction by Du and Biswas
[29] that HO is energetically more favorable than HBC. During heat treatments
in the range 300–700 ◦C the molecules partially dissociates and forms HO
at the surface and HBC in the bulk. This ﬁnding accounts for an enhanced
apparent stability of HO compared to earlier study on ZnO with lower hydrogen
concentration [25, 71, 84] and explains the partial recovery of HBC that was
observed by Shi et al. [84]. Here HO acts as an additional decay channel for
H2, which yield a lower thermal stability of the molecule at the surface. As a
summary, this study strongly emphasizes the crucial role of hydrogen molecule
on issues concerning the persistent n-type conductivity and instability of p-type
conductivity.
This combined PC, Raman scattering, and IR absorption study shed light on
the properties and interaction of HO, HBC, H2, and a complex comprising three
hydrogen bonds in ZnO. On the basis of the presented results perspectives for
future research arise.
The innovative PC technique that was applied for the identiﬁcation of the
LVMs due to HO in ZnO is also applicable for the detection of the equivalent
defect in MgO crystals, MgxZn1−xO and CdO. The results will allow to verify
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the hypothesis of hydrogen multicenter coordination in these materials raised
by Janotti and Van de Walle [22] and Amini et al. [301]. This spectroscopic
technique is also applicable for the identiﬁcation of dominant shallow impurities
that reveal at least one LVM, as it is very recently demonstrated by Lavrov
et al. [302].
Ortho-para conversion of H2 in ZnO is discussed in the framework of nuclear
spin interaction with magnetic moments of host zinc atoms. While doing so a
diﬀusion barrier of H2 parallel to the c-axis was proposed to be E∥ = 0.23 eV.
First-principles calculations, however, yield values of E∥ = 0.9 eV and E⊥ =
0.6 eV [29] indicating a discrepancy to the suggested model. The numerous
mechanisms for H2 interconversion that were established in the literature are
far from being trivial and universal (see e.g. Ref. [143]). It is therefore worth
to perform an experimental investigation of the H2 diﬀusion and a theoretical
study on the conversion process in ZnO.
The assignment of the Y–X3 complex to ammonia or the hydrogen-decorated
zinc vacancy is not yet deﬁnitively clariﬁed. On the one hand, prelimi-
nary calculations based on DFT yield for (NH3)Zn in ZnO frequencies below
2900 cm−1 [294]. Hence, this defect structure is questionable to account for Y–
X3. On the other hand, the extraordinary isotope eﬀect on the LVM splitting is
not evaluated quantitatively, which challenges VZnH3 as a potential origin for
Y–X3. An experimental approach for future work is the application of uniaxial
stress, which would provide quantitative insight into the potential depth and
the local symmetry of the two defect conﬁgurations. Essential improvement of
the signal-to-noise ratio can be achieved by a higher defect concentration and
thicker samples. The doping of ZnO samples with ammonia instead of pure
hydrogen will be a route to verify the present conclusion. From the theoretical
point of view an analysis that covers the stability and interaction of VZnH3,
containing a single zinc vacancy, and H2 trapped in zinc vacancy clusters is
desirable for the veriﬁcation of these two tentative defect assignments.
Materials are sought that can replace In2O3 (ITO) as TCO in optoelectronics.
Ideal TCOs are wide band gap semiconductors with a high carrier concentra-
tion. Potential candidates are ZnO, SnO2, CdO, Ga2O3, GaInO3 doped with
hydrogen. Besides ZnO experimental evidence for shallow donor behavior and
the stability of hydrogen interstitial site(s) and/or hydrogen substituting for
oxygen is given in SnO2 [303] and In2O3 [304]. Theoretical calculations pro-
pose that hydrogen acts as shallow donor in CdO [305, 306], Ga2O3 [307],
and GaInO3 [308], whereat in the latter two materials both Hi and HO are
energetically stable. Further experiments that give access to a common under-
standing of the formation, stability and interaction of these hydrogen species
are essential for intended applications in devices.
Appendix A
Angular dependence in C3v
symmetry
This chapter, mainly based on Ref. [148], is dedicated to the description of
various numbers of equivalent bonds/dipoles embedded in an environment of
C3v point symmetry. Here all bonds have the same center atom (see Fig. A.1).
A.1 One dipole
A.1.1 Eigenvalue equation
In the valence force approximation the general secular equation for molecules
comprising a number of dipoles di are given by [148]:(
Fˆ Gˆ− σ2j Eˆ
)
aj = 0, (A.1)∥∥∥Fˆ Gˆ− σ2j Eˆ∥∥∥ = 0, (A.2)
with the matrices Fˆ and Gˆ describing the potential and kinetic energy, the
eigenfrequencies σ, and the components in a being the coeﬃcients of the indi-





In the case of one dipole the matrices Fˆ and Gˆ describing the potential and
kinetic energy are
Fˆ = f, Gˆ = 1/µ (A.4)
with the bond force constant f and the reduced bond mass µ. After transposing
this conditions in Eq. (A.1) (
f/µ− σ2
)
a1 = 0, (A.5)
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Figure A.1: Sketch of (a) one, (b) two, and (c) three equivalent dipoles/bonds (red)
positioned in C3v symmetry with the three-fold rotational axis parallel to z. The
dipoles di have an angle φ to the symmetry axis and can be mapped to each other
by a rotation of 120◦ around the z axis. According to C3v symmetry each dipole is
indistinguishable from equivalent alignments (grey).
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, D1 = d1 (A.6)
The result conﬁrms the expectation that the bond oscillation is determined by
the reduced bond mass and aligned parallel to the corresponding dipole.
A.1.2 Polarization property
Without any loss of generality, the single bond’s dipole can positioned in the







In C3v symmetry each and every dipole is, however, invariant to a rotation of






































Here the eﬀect of polarization selection on the dipole induced intensity is fo-







is transmitted. The angular-dependent intensity caused by the total dipole Dj
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Based on this equation one can deduce the orientation of the total dipole Dj
with respect to the symmetry axis




A.2 Two equivalent dipoles
Two distinguishable dipoles behave like two single dipoles (see Sec. A.1),
whereas equivalent dipoles need to be considered together.
A.2.1 Eigenvalue equation
Two equivalent dipoles/bonds with an angle ϑ in-between, a central atom



















which results for the secular equation according to Eq. (A.1) in
(
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(d1 + d2) . (A.19)
As one can see, the solution comprises one antisymmetric and one symmetric
oscillation of the individual dipoles.
A.2.2 Polarization property
In C3v symmetry D1 and D2 also reveal orientational degeneracy. For this
purpose these dipoles D1 and D2 can be treated the same way as the single
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dipole in the previous section. The only diﬀerence is the angle ϕ1,2 to the c-
axis. Again, without loss of generality the single vectors d1 and d2 are chosen

































 , cosφ2 = cosφ
cosϑ/2
. (A.22)
In the special case the two single dipoles can be mapped on each other via
a rotation by 120◦ around the three-fold axis, they can be represented by






 ,d2 = d




















 , cosφ2 = 2 cosφ√
1 + 3 cosφ
. (A.25)
The latter situation is relevant, for example, for the consideration of isotope
eﬀects of three equivalent bonds. The polarization-dependent intensity and
the evaluation of φ2 can then be determined in analogous way by substitution
the angle φ in Eqs. (A.14) and (A.15).
A.3 Three equivalent dipoles
A.3.1 Eigenvalue equation
The situation of three equivalent dipoles/bonds [148]
Fˆ =

f 0 00 f 0
0 0 f

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 = 0. (A.27)
From this secular equation one obtain one twofold degenerated and one non-



















(d1 + d2 + d3). (A.29)
A.3.2 Polarization property
In C3v symmetry three equivalent dipoles/bonds with an angle φ to the c-
axis are necessarily invariant to a rotation of 120◦. According to the above-






 ,d2 = d

 −1/2 sinφ1/2√3 sinφ
cosφ

 ,d3 = d

































 . ⇒ φ3 = 0◦ (A.32)
According to Eq. (A.14) the polarization dependencies of this complex are
given by
I1,2 ∝ sin2 α (A.33)
I3 ∝ sin2 (α+ 90◦) (A.34)
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